NOTICE  TO  USERS 


Portions  of  this  document  have  been  judged  by  the  Clearinghouse 
to  be  of  poor  reproduction  quality  and  not  fully  legible.  However,  in 
an  effort  to  make  as  much  information  as  possible  available  to  the  pub¬ 
lic,  the  Clearinghouse  sells  this  document  with  the  understanding  that 
if  the  user  is  not  satisfied,  the  document  may  be  returned  for  refund. 

If  you  return  this  document,  please  include  this  notice  together 
with  the  IBM  order  card  (label)  to: 

Clearinghouse 
Attn:  152.12 
Springfield,  Va.  22151 


✓ 


Best  Available  Copy 


r.z  hi-  2  3--'-.'-' 


EDITED  TRANSLATION 


MAGNETCHYPRODYNAM ICS  IN  MARINE  ENGINEERING 
By:  L.  G.  Vasil’yev  and  A.  I.  Khozhainov 

English  pages:  220 

Source:  Magnitnaya  Gldrodinanika  v  Sudovoy  Tekhnlke, 

1967,  PP-  1-2^7 - 

Translated  under:  Contract  No.  F33657-68-D-0866  P002 


✓ 


~T  1 

THIS  YRAIOLATION  IS  A  REKOITION  01*  THE  ORICL 

NA^*EOEBICN  TEXT  WITHOUT  AMY  ANALYTICAL  OR 
EDITORIAL  COMMENT.  STATEMENTS  OR  THEORIES 

PREPARED  EYi 

ADVOCATED  OR  IMPLIED  ARE  THOSE  OR  THE  SOURCE 

AMD  DO  MOT  NECESSARILY  REELECT  THE  POSITION 

TRANSLATION  DIVISION 

OR  OPINION  OR  THE  FOREIGN  TECHNOLOGY  OL 

FOREIGN  TECHNOLOGY  DIVISION 

VISION. 

WP-APB,  OHIO. 

Date  20  ytr-- 19 


Best  Available  Coo> 


FTD-  HT  “  2  3-237-69 


4 


✓ 

i 

TABLE  OF^CONTF.NTS  . 

Annotation . t 

Foreword .  ii 

Author's  Foreword .  iv 

Introduction .  v 

CHAFFER  1.  -The  Development  and  Current  State  of  Magnetohydrodvnamies  1 

1.  Magnetohvdrodynamics .  1 

2.  Magnctohydrodynamic  Devices  . .  7 

CHAPTER  2.'  Magnctohydrodynamic  Effects x .  10 

1.  Characteristic  Criteria  of  Magnctohydrodynamic  Flows 

and  Physical  Properties  of  Conducting  Fluids .  ii 

2.  Laminar  Magnctohydrodynamic  Channel  Flow .  21 

3.  Magnctohydrodynamic  Couctto  Flow .  29 

-1.  Laminar  Flow  of  a  Conducting  Fluid  over  a  Plate  in  the 

Presence  of  a  Transverse  Magnetic  Field .  32 

5.  Effect  of  a  Transverse  Magnetic  Field  on  the  Stability 

of  Flow  of  a  Conducting  Fluid .  37 

6.  Turbulent  Magnctohydrodynamic  Channel  Flow .  -U 

7.  Effect  of  Transverse  Magnetic  Field  on  the 

Turbulent  Boundary  Layer . 

8.  Effect  of  Transverse  Magnetic  Field  on  Unsteady  Channel 

Flow  of  Conducting  Fluids  .  . . - .  •> 

CHAPTER  3. > Magnetohydrodynamic  Meters . . . 

1.  Operation  and  General  Description  of  Magnetic  Flowmeters  .  .  G*> 

2.  Theory  of  DC  Conduction-Type  Magnetic  Flowmeters .  G* 

3.  Effect  of  Near-Electrode  Processes  on  the  Readings  of 

Magnetic  Flowmeters .  *<3 

4.  Operating  Features  of  AC  Flowmeters .  sr> 

5.  Design  of  Magnetic  Flowmeters .  s? 

G.  Measuring  Circuits  of  Electromagnetic  Flowmeters .  9i 

7.  The  Electromagnetic  [Ship's]  Log .  9s 

8.  Electromagnetic  Sea  Current  Measuring  Devices 

[The  Geomagnetic  Electrokinetograph]  (GEK) .  inn 

CHAPTER  4.  Electromagnetic  Pumps, .  104 

1.  Classification  and  Principal  Designs  of  Electromagnetic 

Pumps .  in  I 

2.  Theory  of  DC  Conduction-Type  Electromagnetic  Pumps  ....  ins 

3.  Homopoly  Generators  for  Supplying  Liquid-Metal 

DC  Electromagnetic  Pumps .  119 

4.  Theory  of  Flat  Linear  Induction  Pumps .  1  is 

f>.  Application  and  Characteristics  of  Experimental 

Electromagnetic  r>umps .  127 

« 


* 


CHAP!  Ku  . >  M;iu'ni>ioh\clr«.'Uvnanii(.'  Shi])  Propulsion'.  . .  130 

1.  IndncfFun-T  pc  MIU)  Propulsion  Systems  .  . .  130 

2.  Conduction- !\pe  MUD  Propulsion  Systems .  113 

3. j  Peristal:  k  MHO  Propulsion  Systems .  117 

(Jr  \  ' 

CHAPTER  o.\ Magneiohydrodynamie  Power  Units  for  Moving  Craft  Use,  L>3 

1.  Liquid-Metal  MIID  Generators  . . V^\v<_15.r) 

2.  Liquid  Metal  Condensing  MHD  Generator 

I  Condensing  Ejectorl .  ICO 

3.  Liquid  Metal  MHD  generator  Operating  on  a 

Separating  Cycle . 179 

4.  Evaluation  of  Liquid  Metal  MHD  Units  for  Movimr  Craft  ....  196 


References .  20 1 

Appendices .  217 


✓ 


Cop'* 


ANNOTATION 


This  book  is  devoted  to  magnetohydrodynamics,  n  new,  rapidly  developing  branch 
of  science,  and  to  its  applications  in  marine  engineering. 

The  book  describes  the  state  of  the  art  in  magnetohydrodynamics  and  the  devices 
operating  on  this  principle.  Magnetohydrodynamic  effects,  produced  b\  interaction  be¬ 
tween  incompressible  conducting  liquid  and  a  transverse  magnetic  field  a  re- examined. 
Elements  of  theory,  design  and  operating  characteristics  of  magnetic  flow  meters, 
electromagnetic  pumps,  MHD  generators,  shipboard  MHD  engines  and  MHD  power 
units  for  the  transportation  industry  are  presented. 

Much  attention  is  devoted  to  original  experimental  studies.  The  book  >s  based  on 
published  data  of  Soviet  and  foreign  scientists,  as  well  as  on  studies  by  its  authors. 

The  book  is  intended  for  scientific  workers  and  engineers  of  the  shipbuilding  in¬ 
dustry  and  related  areas.  It  can  also  be  useful  to  graduate  and  undergraduate  students 
of  the  applicable  specialties. 
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FOREWORD 

While  magnetohydrodynamics  is  still  a  very  new  science,  it  has  become  extremely 
popular  because  of  the  wide  possibilities  for  its  prospective  engineering  applications. 

Among  such  applications  are  controlled  thermonuclear  reactions,  plasma  engines 
for  space  ships,  direct  conversion  of  thermal  into  electric  energy,  transportation,  and 
measurement  of  flow  of  conducting  liquids.  These  applications  constitute  a  very  incom¬ 
plete  list  of  problems  whose  solution  is  related  to  development  of  magnetohydrodynamics. 

The  magnetohydrodynamics  of  incompressible  fluids,  as  magnetoplasma  dynamics 
or  plasma  physics,  has  by  now  become  a  separate  branch  of  science  and  many  of  its 
engineering  applications  are  already  used  in  various  branches  of  industry. 

Extensive  studies  have  been  conducted  during  the  past  several  years  of  the  feasi¬ 
bility  of  using  MHD  devices  and  units  in  the  transportation  industry,  in  particular,  for 
seagoing  vessels.  The  results  obtained  thus  far  are  promising. 

Practical  solution  of  this  problem  requires  that  the  relationships  governing  mag- 
netohvdrodynamics  and  its  possible  engineering  application  in  ship  propulsion  be  well 
understood  by  a  wide  range  of  scientific  workers,  engineers  and  designers.  So  far, 
these  problems  have  not  been  generalized  in  a  monograph. 

The  book  by  L.G.  Vasil'yev  and  A,  I.  Khozhainov,  which  is  hereby  offered  to  the 
reader,  is  the  first  of  such  monographs.  Its  distinguishing  feature  is  the  fact  that  it 
examines  simultaneously  the  theoretical  and  experimental  magnetohydrodynamics  of 
viscous  incompressible  fluids  and  its  engineering  applications.  The  book  presents  MHD 
equations  and  examines  MHD  phenomena  occurring  in  a  flow  of  conducting  fluid,  phe¬ 
nomena  which  follow  from  the  solution  of  several  well  known  problems  of  classical 
hydrodynamics. 

The  present  authors  describe  elements  of  theory,  design  and  operating  character¬ 
istics  of  MHD  measuring  devices,  electromagnetic  pumps,  MHD  engines  and  power  units 
employing  MHD  generators.  Because  of  the  relative  complexity  of  the  theory  of  MHD 
phenomena  and  devices,  which  are  based  on  a  simultaneous  employment  of  a  system  of 
hydrodynamic  and  electrodynamic  equations,  and  striving  to  produce  a  monograph  access¬ 
ible  to  a  wide  range  of  specialists,  the  present  authors  have  paid  particular  attention  to 
the  physics  of  the  phenomena  and  to  the  operating  principles  of  MHD  devices. 
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The  extensive  list  of  referenees  appended  to  the  book  will  enable  a  more  exiensitc 
familiarization  with  individual  aspects  of  the  Mill)  problem. 

The  book  will  bo  useful  to  a  wide  ran  Re  of  specialists  who  are  interested  in  the 
use  of  MHD  relationships  in  shipbuilding  and  marine  engineering.  It  can  also  be  rec¬ 
ommended  as  a  textbook  for  students  of  the  applicable  specialties. 

Professor  A.  N.  Patrashev 
Honored  Scientist  of  the  RSFSR 
Doctor  of  Technical  Sciences 


AUTHOR'S  FOREWORD 


This  book  attempts  to  present  the  main  achievements  of  theoretical  and  experi¬ 
mental  magnetohydrodynamics  of  incompressible  conductive  fluids  as  applied  to  flow 
in  channels  and  past  bodies,  as  well  as  to  familiarize  the  reader  with  the  theory  and 
design  of  MHD  devices  pertaining  to  future  marine  power  plants.  The  wide  range  of 
the  topic  and  the  space  limitations  inherent  in  a  book  resulted  in  certain  difficulties 
in  writing  it.  The  authors  will  be  grateful  to  the  readers  for  all  the  critical  remarks 
and  requests. 

The  authors  wish  to  express  their  profound  appreciation  to  Professor  P.S. 
Petukhov  and  Candidate  of  Technical  Sciences  G.  V.  Genin  for  their  comments  on  the 
book's  general  outline,  as  well  as  to  Candidate  of  Technical  Sciences  L.  M.  Korsunskiy, 
Doctor  of  Technical  Sciences  N.M.  Okhremenko  and  Candidate  of  Physical-Mathemat¬ 
ical  Sciences  A.  G.  Ryabinin,  who  have  critically  reviewed  individual  chapters. 

Particular  thanks  are  due  to  the  overall  reviewer  of  this  book,  the  Correspond¬ 
ing  Member  of  the  Ukrainian  Academy  of  Sciences  Professor  I.  L.  Povkh,  for  his 
recommendations  and  for  supplying  data  which  aided  in  improving  the  book. 

L.G.  Vasil'yev  and  A.  I.  Khozhainov 


INTRODUCTION 


Magnetohydrodynamics  is  a  new  scientific  discipline  which  has  been  rapidly  de¬ 
veloping  during  the  past  10-15  years.  It  deals  with  the  motion  of  conducting  liquids  and 
gases  in  the  presence  of  electromagnetic  fields.  This  motion  is  accompanied  by  the 
so-called  magnetohydrodynamic  effects,  which  in  turn  can  be  used  for  acting  upon  the 
conducting  media. 

Initially,  the  primary  concern  of  magnctohydrodvnamics  was  the  study  of  cosmic 
phenomena.  Because  of  its  high  temperature,  stellar  matter  and  the  interstellar  gas 
constitute  a  highly  ionized  plasma,  i.e. .  a  good  conductor  of  eleclricily.  The  presence 
of  large  magnetic  fields  in  the  outer  space  does  under  these  conditions  produce  strong 
magnetohvdrodynamic  effects. 

Recently,  the  high  interest  in  MHD  (magnetohydrodynamics)  has  become  due  to 
the  newly-apparcnt  possibilities  of  MHD  under  conditions  prevailing  on  earth.  Thus. 
MHD  phenomena  are  involved  in  the  control  of  thermonuclear  reactions,  where  a  high- 
temperature  plasma  interacts  with  a  magnetic  field.  In  this  case  the  magnetic  field  is 
used  for  heating  the  plasma  to  the  temperature  of  the  onset  of  the  reaction  (several  tens 
of  millions  of  degrees),  and  for  maintaining  it  in  a  stable  state.  Solution  of  this  prob¬ 
lem  will  provide  mankind  with  a  *  irtuallv  inexhaustible  energy  source. 

✓ 

Of  tremendous  interest  is  also  the  problem  of  direct  conversion  of  heat  to  elec¬ 
tricity,  the  solution  of  which  is  ejected  to  come  about  from  the  application  of  mngneto- 
gasdvnamie  phenomena.  MHD  generators,  just  as  ordinary  electrical  machines,  em¬ 
body  the  principle  of  electromagnetic  induction  during  motion  of  low -tempo nature  elec¬ 
trically  conducting  plasma  (T°C  *  2000-3000)  through  a  transverse  magnetic  field,  but 
have  appreciable  advantages  over  the  common  electrical  machines,  in  that  they  can  de¬ 
liver  high  power  at  higher  efficiencies.  In  the  future  they  could  be  used  as  the  primary 
power  sources  for  interplanetary,  air,  overwater  and  underwater  propulsion  systems. 

rherc  also  are  many  other  interesting  applications  of  interaction  of  a  plasma  with 
a  magnetic  field  for  purposes  of  solving  important  engineering  problems.  These  include 
atmospheric  reentry  of  intercontinental  ballistic  missiles,  development  of  plasma  jet 
engines,  and  so  forth. 

Recently,  that  area  of  MHD  which  is  concerned  with  the  interaction  of  plasma  with 
a  magnetic  field  has  acquired  the  frequently  used  name  of  magnetoplasmadynamics. 


Various  engineering  applications  of  mngnoioplnsmadynainics  have  been  widely  dis¬ 
cussed  in  Soviet  and  foreign  publieal ions.  Many  international  symposia,  eonferenees 
and  meetings  <>f  various  societies:  were  devoted  to  these  problems. 

Along  with  the  extremely  important  problems  of  magnetoplasmadjTiamics,  the 
research  and  development  of  MHD  devices  employing  conducting  liquids  (liquid  metals, 
electrolytes,  sea  water)  has  also  become  very  important.  Individual  units  employing 
this  phenomenon  arc  already  in  practical  use.  These  devices  are  most  advantageous 
in  nuclear  power  engineering. 

Conversion  of  nuclear  into  thermal  energy  in  an  atomic  reactor,  with  removal  of 
the  generated  heat  by  a  carrier  fluid  leoolantj  and  its  transfer  in  a  heat  exchanger  to 
a  third  fluid  is  now  the  basic  mode  of  operation  of  nuclear  power  installations.  Among 
the  most  important  coolants  are  liquid  metals,  which  permit  the  use  of  efficient,  low- 
pressure  circulation  systems.  Such  circulation  loops  could  also  employ  MHD  devices 
(electromagnetic  pumps,  low-power  MHD  generators,  magnetic  flowmeters,  etc.). 

The  advantages  of  the  various  MHD  devices  over  their  corresponding  mechanical 
and  electromechanical  equivalents  are  the  absence  of  rotating  parts,  complete  airtight¬ 
ness,  noiseless  operation,  compactness,  as  well  as  simplicity  of  design  and  of  opera¬ 
tion.  These  advantages  become  particularly  valuable  when  MHD  devices  are  contem¬ 
plated  for  use  in  future  marine  nuclear  power  plants  in  conjunction  with  liquid  metal 
coolants. 

Since  sea  water  is  a  conducting  medium,  ships  could  also  use  MHD  propulsion 
and  many  special  measuring  devices  (electromagnetic  logs,  sea  current  velocity  meters, 
etc.). 


Various  cngim-t-ring  applications  «>f  inngnctnolusmudynamics  have  been  widely  dis- 
ussed  in  Soviet  and  foreign  publications.  Many  international  symposia,  conferences 
and  nu'ctim;?  <>|  \ariour  six'ieties  were  devoted  to  these  problems. 

Along  with  the  extremely  important  problems  of  magnetcplasmadynamics,  the 
research  and  development  of  MHD  devices  employing  conducting  liquids  (liquid  metals, 
electrolytes,  sea  water)  has  alco  become  very  important,  individual  units  employing 
this  phenomenon  arc  already  in  practical  use.  These  devices  are  moat  advantageous 
In  nuclear  power  engineering. 

Conversion  of  nuclear  into  thermal  energy  in  an  atomic  reactor,  with  removal  of 
the  generated  heat  by  a  carrier  fluid  |cooiani|  and  its  transfer  in  a  heat  exchanger  to 
a  third  fluid  is  now  the  basic  mode  of  operation  of  nuclear  power  installations.  Among 
the  most  important  coolants  are  liquid  metal.*,,  which  permit  the  use  of  efficient,  low- 
pressure  circulation  systems.  Such  circulation  loops  could  also  employ  MHD  devices 
(electromagnetic  pumps.  low-iarver  MHD  generators,  magnetic  flowmeters,  etc.). 

The  a'H’&ntages  of  the  \  acinus  <ulu>  devices  over  their  corresponding  mechanical 
and  eleetronu  chanica!  equivalents  are  the  absence  of  rotating  parts,  complete  airtight¬ 
ness,  noiseless  operation,  compactness,  as  well  as  simplicity  of  design  and  of  opera¬ 
tion.  These  advantages  become  particularly  valuable  wher.  MHD  devices  are  contem¬ 
plated  for  use  in  future  marine  nuclear  power  plants  In  conjunction  with  liquid  metal 
coolants. 

Since  sea  water  is  a  conducting  medium,  ships  eould  also  use  MHD  propulsion 
and  many  special  measuring  devices  ielectromagnetlc  logs,  sea  current  velocity  meters, 
etc.). 
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CHAPTER  1 


I 


THE  DEVELOPMENT  AND  CURRENT  STATE  OF  MAGNETOHYDRODYNAMTCS 


The  creation  of  magnetohydrodynamics  of  conducting  liquids  as  an  independent 
branch  of  science  must  be  related  to  the  publication,  in  193?.  of  a  theoretical  paper 
of  J.  Hartmann  (11  arid  of  experimental  results  of  J.  Hartmann  and  F.  Lazarus,  al¬ 
though  isolated  empirical  facts  were  known  much  earlier.  It  should  be  noted  that  the 
first  patents  for  MHD  devices  were  issued  even  before  1937. 

In  substance,  during  the  first  several  years  MHD  as  a  science  developed  inde¬ 
pendently  of  the  development  and  patenting  of  devices  operating  on  the  MHD  principle. 
The  latter  were  developed  In  the  context  of  existing  electromagnetic  devices,  without 
considering  the  MHD  effects.  Recently,  however,  these  devices  are  being  developed 
and  studied  with  utilization  of  achievements  in  MHD. 

Given  this  historical  development,  it  is  best  to  review  the  development  and  state 
of  MHD  and  of  its  engineering  application  separately. 

1.  Magnetohydrodynamics 
Major  Theoretical  Results 

In  his  theoretical  study  (1’.  J.  Hartmann  was  the  first  to  present  the  theory  of 
laminar  flow  of  an  incompressible  conducting  liquid  In  a  long  (hit  channel  in  the  pres¬ 
ence  of  a  transverse  magnetic  field  perpendicular  to  the  larger  side  of  the  channel.  He 
also  deserves  the  credit  of  discovering  a  dimensionless  ratio  describing  the  effect  of 
the  magnetic  field  on  the  flow  of  the  conducting  liquid.  This  ratio  is  now  called  the 
Hartmann  number. 

Hartmann  found  that  a  transverse  magnetic  field  has  an  appreciable  effect  on  the 
laminar  flow  of  the  conducting  fluid  in  a  flat  (l.e.  rectangular)  channel,  flattening  the 
velocity  distribution  in  the  flow  core  and  increasing  its  gradient  at  the  wall.  This  pro¬ 
duced  a  higher  friction  factor  in  the  flow.  Hartmann’s  solution  is  presented  In  a  number 
of  books  (2-5(.  Subsequently,  all  the  possible  versions  of  this  problem  were  examined 
(6-91. 


The  transverse  dimensions  of  real  MHD  channels  are  limited.  But  the  ratio  of 
dimensions  of  the  sides  in  a  rectangular  channel  can  be  arbitrary.  This  made  it  neces¬ 
sary  to  analyze  the  problem  of  laminar  flow  of  a  conducting  liquid  in  an  MITD  channel  in 
a  broader  context  (10-121. 


✓ 


FT  D-  HT  -23  -237- 69 


1 


Certain  special  problems  involving  laminar  flows  of  conducting  liquids  in  loin:, 
rectangular  MHO  channels  with  an  arbitrary  ratio  of  sides  were  studied  by  D.  Shor- 
cliff  1 13|.  Va.S.  IJflyand  |14]  and  G.  A.  Grinberg  1 15.  Hi]. 

Shercliff  and  Uflyand  analyzed  the  idealized  problem,  assuming  that  all  the  walls 
of  the  channel  are  ideal  insulators  and  ideal  conductors,  respectively.  These  studies 
determined  the  effect  of  the  side  walls  on  the  local  and  overall  flow  variables.  In  addi¬ 
tion,  it  was  found  that  at  large  Hartmann  numbers,  the  properties  of  boundary  layers 
on  channel  walls  perpendicular  and  parallel  to  the  magnetic  field  are  different.  Simi¬ 
lar  problems  were  also  examined  in  [17,  18  J.  Analyois  of  these  solutions  at  the  limit 
are  presented  in  (19,  20j. 

The  laminar  flow  of  a  conducting  liquid  in  MHD  channels  containing  electrodes 
(a  case  approaching  reality)  was  analyzed  by  G.A.  Grinberg  [15,  161.  However,  it  is 
quite  difficult  to  use  the  results  obtained  by  him  in  engineering  applications.  The  at¬ 
tempts  to  improve  Grinberg's  solution  so  far  did  not  succeed  [21].  The  approximate 
solution  for  this  problem  should  also  be  rechecked  [22], 

The  effect  of  the  side  walls  on  the  variables  of  laminar  flow  of  a  conducting  liquid 
in  flat  MHD  channels  of  finite  width  was  taken  approximately  into  account  In  [23],  A 
method  for  calculating  the  friction  factor  in  a  flow  of  conducting  fluid  through  a  rectan¬ 
gular  MHD  channel  with  an  arbitrary  ratio  of  sides  and  lateral  electrodes  is  presented 
in  |2-1]. 

The  problem  of  laminar  flow  of  a  conducting  liquid  in  round  MHD  channels  with 
differing  wall  conductivities  was  analyzed  in  its  exact  and  approximate  statements  in 
[25-31].  It  was  found  that  at  hign  Hartmann  numbers  the  flow  is  not  axibjmmetric. 
and  that  the  friction  factor  always  increases  with  the  magnetic  field,  being  higher  than 
in  ordinary  fluid  flow. 

Laminar  MHD  flow  in  more  complex  channels  (elliptical  cross  section,  diverging 
duct,  etc.)  is  analyzed  in  [32-34]. 

All  the  aforementioned  theoretical  studies  pertain  to  infinitely  long  channels.  The 
length  of  real  MHD  channels  is  finite,  so  that  it  becomes  important  to  study  the  simul¬ 
taneous  effect  of  the  channel  walls  and  of  the  magnetic  field  on  the  reshaping  of  the  in¬ 
let  velocity  distribution.  As  in  normal  fluid  flow,  it  is  still  impossible  to  solve  such 
problems  exactly. 

Most  of  the  studies  of  flow  development  published  so  far  pertain  to  flow  in  flat 
channels.  For  a  flat  (i.e. ,  rectangular)  channel  with  dielectric  walls  situated  in  a 
transverse  magnetic  field,  this  problem  was  solved  by  four  methods:  the  linearization 
method  [35],  the  method  of  overall  relationships  ]36],  Sehlichting’s  method  [37],  and 
numerical  integration  of  the  boundary  layer  equations  over  the  entire  flow  [38],  The 
results,  which  agree  quantitatively  fairly  well,  showed  that  the  magnetic  Held  decreases 
appreciable  the  length  of  the  inlet -effect  section  (by  comparison  with  the  equivalent 
length  in  common  fluid  flow  channels). 

Among  other  problems  of  laminar  MHD  flow,  those  concerning  the  flow  of  a  con¬ 
ducting  liquid  past  solids  in  the  presence  of  a  transverse  magnetic  field  are  also  of 
interest. 
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One  of  the  first  such  problems  was  that  of  flow  over  a  plate  |39|.  After  that, 
solutions  were  found  for  the  flow  of  conducting  liquids  around  bodies  of  various  shapes 
(wedge,  sphere,  cylinder,  etc.)  (40-42).  These  solutions  showed  that  the  transverse 
magnetic  field  exerts  an  appreciable  effect  on  the  flow  resistance  of  these  bodies  and 
on  the  nature  of  the  laminar  flow  around  them.  ' 

The  magnetic  field  affects  the  flow  stability  by  reshaping  the  velocity  distribution 
in  the  liquid  and  suppressing  turbulent  pulsations.  This  was  first  noted  by  Hartmann 
and  Lazarus  in  experiments  with  mercury,  and  prompted  subsequent  theoretical  anal¬ 
ysis  of  the  phenomenon. 

Theoretical  studies  on  the  stability  of  MHD  flow  in  flat  channels  at  various  ori¬ 
entations  of  the  magnetic  field  and  at  various  values  of  flow  variables  were  done  by 
D.  Stuart  (431,  R.  Lock  (44(  and  Ye.  P.  Velikhov  (45).  In  1 4G1 .  Lock's  results  were 
generalized  to  include  moderate  magnetic  Reynolds  numbers.  The  problem  of  stability 
of  flow  of  conducting  liquid  over  a  plate  in  the  presence  of  a  transverse  magnetic  field 
was  solved  by  V.  N.  Arkhipov  (47). 

The  above  studfes  showed  that  the  magnetic  field  stabilizes  the  laminar  MHD 
flow  by  increasing  the  critical  value  of  the  Reynolds  number.  The  stabilizing  effect 
of  the  transverse  magnetic  field  is  much  stronger  than  that  of  a  longitudinal  field. 

Subsequently,  the  stabilizing  effect  of  n  transverse  magnetic  field  on  Couette 
flow  was  also  Investigated  (4S,  49).  In  this  case,  there  is  a  deformation  of  the  veloc¬ 
ity  profile,  accompanied  by  the  formation  of  an  inflection  point,  so  that  the  stabilizing 
effect  of  the  magnetic  field  is  much  smaller. 

One  of  the  most  complex  applied  MHD  problems  is  the  effect  of  tlx*  magnetic 
field  on  the  turbulent  flow  of  a  conducting  liquid.  Attempts  to  elucidate  the  mechanism 
of  MHD  turbulence  were  made  by  D.  Batchelor  )50)  and  S.  Chandrasekhar  |51|  via  ex¬ 
tension  of  the  statistical  theory  of  turbulence  to  MHD  flow'.  Unfortunately,  at  its  pres¬ 
ent  level,  this  application  of  the  theory  is  even  less  developed  than  its  application  to 
common  fluid  flow,  so  that  it  cannot  be  used  for  solving  engineering  problems. 

A  semiempirical  theory  of  turbulent  flow  of  conducting  liquid  in  a  flat  channel  in 
the  presence  of  a  transverse  magnetic  field  was  first  developed  by  L.  Harris  |52|  who. 
using  MHD  equations,  dimensional  analysis  and  some  experimental  data,  showed  that 
in  this  case  the  velocity  distribution  over  the  channel  cross  section  can  be  represented 
by  a  known  logarithmic  relationship,  supplemented  bv  a  function  of  the  magnetic  field. 
Harris  has  also  obtained  an  expression  for  the  friction  factor. 

A  general  expression  for  the  velocity  distribution  in  turbulent  flow  of  a  conducting 
liquid  in  a  flat  channel  of  finite  width  and  in  the  presence  of  a  transverse  magnetic  field 
was  obtained  in  (53).  This  paper  also  gave  a  semiempirical  relationship  for  the  friction 
factor.  A  simpler  model  of  turbulent  MHD  channel  flow  was  considered  in  |54|. 

A  phenomenological  attempt  to  analyze  the  transition  zone  between  laminar  and 
turbulent  liquid  flow  in  MHD  channels  is  given  in  (55).  However,  the  basic  assumptions 
of  that  study  contradict  physical  concepts  and  run  counter  to  experimental  results. 

References  |f*(>-59)  examine  the  effect  of  a  longitudinal  magnetic  field  on  the  tur¬ 
bulent  flow  of  conducting  liquids  in  channels.  They  show  that  a  magnetic  field  super¬ 
posed  on  a  turbulent  How  decreases  the  pulsation  energy.  When  the  magnetic  field  is 
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longitudinal,  this  decreases  flow  resistance.  Unlike  the  longitudinal,  the  transverse 
magnetic  field  flattens  the  velocity  profile,  increasing  the  velocity  gradient  at  the  walls, 
which  should  increase  the  friction  factor.  The  .overall  effect  depends  on  the  specific 
flow  variables. 


A  study  of  the  effect  of  a  transverse  magnetic  field  on  the  turbulent  flow  of  conduct¬ 
ing  liquid  over  a  plate  is  considered  in  [GOJ.  A  similar  problem  for  a  longitudinal  mag¬ 
netic  field  was  examined  in  [61],  The  results  are  in  agreement  with  data  of  similar 
studio 8  for  channel  flows. 


In  addition  to  the  above  major  theoretical  studies  of  flow  of  conducting  liquid  in 
channels  and  about  bodies  in  a  constant  magnetic  field,  many  exact  and  approximate 
solutions  for  various  complex  problems,  such  as  those  of  flows  of  conducting  liquids 
in  MHD  channels  with  permeable  boundaries  1621.  of  the  effect  of  magnetic  field  on 
heat  transfer  [63-651,  unsteady  flow  in  magnetic  fields  (66-67],  etc.,  appeared  in  the 
past  few  years.  These  studies  are  reviewed  by  S.  A.  Rcgirer  [78], 

Dimensional  and  similitude  analyses  of  MHD  flows  of.conducting  liquids  wore  de¬ 
veloped  by  I.  M.  Kirko  [79]  and  I.  L.  Povkh  (80).  respectively. 

A  special  class  of  problems  of  practical  importance  is  related  to  flows  of  con¬ 
ducting  liquids  in  variable  magnetic  fields.  Exact  solutions  for  these  pr:>blems  have 
not  yet  been  found  even  for  the  case  of  laminar  flow:  all  the  available  approximate 
solutions  Involve  the  use  of  linearized  equations  employing  time-averaged  flow  vari¬ 
ables,  neglecting  important  nonlinear  effects  [78  j. 


The  major  theoretical  results  examined  above  show  that  the  effect  uf  a  constant 
magnetic  field  on  the  flow  of  viscous  Incompressible  conducting  fluids  in  cbanncls  and 
past  bodies  19  already  fairly  well  known.  These  results  can  be  used  in  practical  design 
of  various  MHD  devices.  However,  many  of  these  results  must  be  experimentally  veri¬ 
fied.  Experimental  studies  at  the  present  stage  of  development  are  of  decisive  impor¬ 
tance. 


Experimental  Studies 

The  number  of  experimental  studies  devoted  to  the  flow  of  viscous,  incompres¬ 
sible  conducting  fluid  in  a  magnetic  field  is  relatively  small.  It  is  usually  assumed 
that  the  first  of  these  is  that  of  Hartmann  and  Lazarus  |S1J.  even  though  isolated  ex- 
perimontal  results  were  published  prior  to  theirs  |N2|. 

Hartmann  and  Lazarus  [Sl|  studied  the  flow  of  mercury  in  rectangular  and  round 
channels  of  small  diameter,  with  a  constant  transverse  magnetic  field  applied  to  the 
flow.  They  measured  the  pressure  drop  -..the  "active"  part  of  the  channel  and  the  av¬ 
erage  mercury  velocity.  The  results  thus  obtained  supported  Hartmann's  theoretical 
assumption  i  1 1  that  the  friction  factor  in  a  laminar  channel  flow  increases  upon  applica¬ 
tion  of  a  transverse  magnetic  field.  Theseexperiments  also  demonstrated  the  stabiliz¬ 
ing  effect  of  tho  magnetic  field,  which  has  lead  the  authors  to  the  conclusion  that  turbu¬ 
lent  pulsations  arc  damped  by  that  field. 

These  experiments,  done  in  channels  of  small  cross  section,  involved  primarily 
low  Hartmann  and  Reynolds  numbers. 


f 


In  1953  W.  Murgatroyd  published  results  obtained  in  experimental  studies  of  the 
flow  of  mercury  in  a  rectangular  channel  with  a  side  ratio  of  1:15  in  the  presenoe  of  a 
transverse  magnetic  field  (83 j.  The  transverse  dimensions  of  this  channel  were  much 
greater  than  of  those  used  by  Hartmann  and  Lazarus,  so  that  the  range  of  Reynolds  and 
Hartmann  numbers  was  also  much  greater. 

Murgatroyd  confirmed  Hartmann’s  theory  for  laminar  MHD  flow  in  rectangular 
channels  at  large  Hartmann  numbers,  and  suggested  an  empirical  formula  for  the  crit¬ 
ical  Reynolds  number,  characterizing  the  transition  from  laminar  to  turbulent  flow. 

In  turbulent  MHD  mercury  flow  he  observed,  depending  on  the  specific  flow  parameters, 
either  an  increase  or  decrease  of  friction  factor  over  its  value  in  common  fluid  flow. 

Effects  which  agreed  qualitatively  with  those  described  above  were  observed  by 
B.  Lehnert  in  1952  in  his  study  of  flow  of  mercury  between  two  coaxial  cylinders  under 
a  transverse  magnetic  field  (84]. 

The  Hartmann  and  Lazarus  experiments  in  round  channels  were  continued  by  D. 
Shercliff  (1956)  at  high  Hartmann  numbers  (85).  Other  qualitative  studies  on  MHD  flows 
in  round  channels  were  performed  by  Orausse  and  Poirier  (86). 

In  1959  Globe  reported  on  the  effect  of  longitudinal  magnetic  flux  on  the  mercury 
flow  in  a  round  tube  (87].  He  found  that  at  any  given  Reynolds  number  in  turbulent  flow 
there  is  a  monotonic  decrease  of  friction  factor  with  increasing  magnetic  field  density. 
This  clearly  illustrates  the  effect  of  damping  of  turbulent  pulsations  by  a  magnetic 
field. 

From  1960  on,  the  number  of  published  experimental  studies  on  the  effect  of  mag¬ 
netic  field  on  the  flow  of  conducting  liquids  started  to  increase. 

Of  considerable  interest  is  a  series  of  experiments  performed  in  the  Institute  of 
Physics  of  the  Latvian  SSR  under  the  leadership  of  I.  M.  Kirko.  These  experiments 
solved  some  major  problems  of  applied  MHD,  l.e. ,  of  flow  of  liquid  metala  in  channels 
and  flow  past  bodies  in  the  presence  of  a  transverse  magnetic  field  |88-99].  Many  in¬ 
teresting  experiments  were  done  with  electrolytes  (100 j.  The  effect  of  the  transverse 
magnetic  field  on  the  friction  factor  in  the  flow  of  liqutd  metal  was  studied  primarily  in 
flat  channels  (95  .  96,  98].  These  studies  supplemented  previously  available  experimen¬ 
tal  data.  In  addition,  O.  A.  Liyelausis  and  G.  G.  Branover  used  their  own  experimental 
data  to  refine  Murgatroyd'a  empirical  formula  for  the  critical  Reynolds  number  at  low 
Hartmann  numbers  |90,  95), 

Murgatroyd'a  experimental  data  were  somewhat  extended  toward  higher  Reynolds 
numbers  by  E.C.  Brontllette  and  P.S.  Lyfcoudlc  (101). 

Ail  the  above  atudiea  dealt  with  an  overall  parameter  (friction  factor)  of  magneto- 
hydrodynamic  channel  flows.  However  there  is  also  undoubted  interest  in  experimental 
study  of  local  flow  variables,  in  order  to  observe  directly  the  effect  of  electromagnetic 
forces  on  the  flow  structure. 

The  first  velocity  distributions  in  channel  flow  of  liquid  metals  were  measured  at 
the  Physics  Institute  of  the  Latvian  Academy  of  Sciences  [97,  98].  The  first  experiments 
were  done  on  an  open  ring  channel  (a  circular  trough)  but  centrifugal  forces  interfered 
with  clear  determination  of  the  effect  of  the  transverse  magnetic  field  on  the  deformation 
of  the  velocity  profile.  A  second  series  of  experiments  was  performed  with  merrurv 
flowing  In  s  straight  channel  with  a  free  surface  (open  channel).  Tlx-  velocity  profile 


flattening  with  increasing  Hartmann  number  lie  came  clearly  evident,  but  because  '.Ik 
experimental  channels  were  small,  the  results  of  these  studies  are  primarily  qua  l  it  a  - 
tlve. 

Along  with  study  of  MHD  channel  flows,  experiments  were  performed  on  flow  of 
conducting  liquids  past  solids  in  the  presence  of  magnetic  and  external  electric  fields. 
These  problems  are  of  great  practical  interest,  because  they  afford  an  approach  to 
boundary-layer  control,  control  of  local  resistances  by  magnetic  fields,  etc. 

Among  studies  on  these  topics  one  must  note  the  Grausse  and  Cachon  [1021  ex¬ 
periments  on  the  effect  of  magnetic  and  electric  fields  on  the  flow  of  an  electrolyte 
past  a  cylinder.  These  authors  produced  superb  photographs. which  illustrate  changes 
in  the  boundary  layer  as  a  function  of  the  electric  current  flowing  through  the  electro¬ 
lyte.  Experimental  results  of  similar  nature  were  also  published  in  1100]. 

These  studies  show  that  the  field  of  electromagnetic  ponderomotive  forces  pro¬ 
duced  by  interaction  between  directly  applied  (by  conduction)  electric  fields  and  super¬ 
posed  magnetic  fields  can  be  used  for  controlling  the  boundary  layer  in  the  flow  of  a 
weakly-conducting  liquid  past  bodies.  This  is  a  relatively  promising  approach  for  re¬ 
ducing  drag  of  bodies  in  sea  water.  Some  data  on  this  reduction  were  obtained  by 
I.  L.  Kuznetsov  |103]. 

A  series  of  experimental  studies  was  devoted  to  the  effect  of  a  transverse  mag¬ 
netic  field  on  the  flow  of  liquid  metal  past  bodies  [93,  99,  104,  105],  In  this  case  the 
boundary  layer  is  controlled  by  the  field  of  ponderomotive  electromagnetic  forces  pro¬ 
duced  by  the  Interaction  of  currents  induced  in  the  fluid  with  an  applied  magnetic  field. 
Results  with  mercury  flowing  past  a  plate,  a  cylinder,  or  a  sphere  show  tnat  a  trans¬ 
verse  magnetic  field  increases  the  drag  of  these  bodies,  and  that  the  degree  of  this  in¬ 
crease  depends  appreciably  on  the  conductivity  of  these  bodies.  In  the  case  of  blunt 
bodies,  the  magnetic  field  shifts  the  point  of  boundary  layer  separation  downstream. 

Experiments  of  the  effect  of  surface  roughness  on  the  friction  factor  for  mercury 
flow  in  channels  [96,  98]  show  that,  as  in  common  fluid  flow,  roughness  has  an  appre¬ 
ciable  effect  on  the  flow. 

Recent  studies  show  m dte  careful  preparation  of  experiments,  encompass  a 
greater  range  of  flow  variables,  use  other  liquid  metals,  etc. 

In  1963  N.  M.  Turchin  published  experimental  data  on  the  effect  of  a  transverse 
magnetic  field  on  pressure  drop  in  the  flow  of  a  Na-K  alloy  in  round  steel  and  copper 
pipes  at  high  Hartmann  numbers  [106],  The  conductivity  of  walls  in  this  case  produced 
an  electromagnetic  pressure  drop  in  addition  to  the  fluid-flow  drop.  These  two  types 
of  drop  were  not  separated.  Similar  studies  with  a  Na-K  alloy  were  performed  in  square 
stainless  steel  channels  in  1961  1107]. 

In  1965  D.  S.  Kovner  and  Ye.  Yu.  Krasil’nikov  studied  the  effect  of  a  longitudinal 
magnetic  field  on  the  flow  of  liquid  gallium  in  a  round  pipe  [108].  They  have  used  larger 
Reynolds  and  Hartmann  numbers  than  Globe  (see  above).  Similar  studies  for  mercury 
were  performed  by  L.  G.  Genin  and  V.  G.  Zhilin  |109J. 

A.T.  Khozhalnov  studied  the  effect  of  a  transverse  magnetic  field  on  the  friction 
factor  for  mercury  flow  in  rectangular  channels  (side  ratio  of  1:2.5)  and  in  round  pipes 
[110,  111].  These  experiments  wore  performed  over  a  wide  range  of  flow  variables  and 
small  Reynolds  number  increments. 
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In  1965  P.  S.  Lvkoudis,  in  his  report  to  the  Moscow  International  Symposium  on 
the  Properties  and  Utilization  of  Low-Tempo ratu re  Plasma  11121.  presented  data  on 
mercury  flow  in  an  MHD  channel  (side  ratio  of  1:5)  at  high  Hartmann  numbers.  In  addi¬ 
tion  to  data  on  the  overall  flow  variable,  i.e. ,  the  friction  factor,  the  report  gave  ex¬ 
perimental  velocity  distributions  in  the  plane  parallel  to  the  magnetic  field. 

Interesting  studies  of  the  effect  of  a  transverse  magnetic  field  on  the  turbulence 
of  electrolyte  flow  were  performed  by  investigators  at  the  Donetsk  Research  Institute 
of  Ferrous  Metals  under  the  leadership  of  I.  L.  Povkh  [1131.  Using  an  induction 
anemometer,  they  measured  the  intensity  distribution  of  longitudinal  and  trails  verse 
turbulence  in  30%  sulfuric  acid  flowingthrough  a  magnetic  Reid:  these  measurements 
directly  verified  the  damping  of  turbulent  velocity  pulsations  by  the  Reid. 

In  conclusion,  we  should  note  studies  on  the  effect  of  the  transverse  magnetic 
field  on  the  unsteady  flow  of  liquid  metal  in  channels,  which  showed  that,  all  other 
conditions  being  equal,  the  magnetic  field  effect  reduces  to  decrease  the  transition 
flow  mode. 

The  experimental  studies  mentioned  have  verified  many  theoretical  results.  How¬ 
ever,  they  do  not  suffice  for  constructing  semiempirical  theories  of  turbulent  MHD  flows. 
This  is  true  most  of  all  of  measurements  of  local  flow  variables. 
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2.  Magnetohydrodynamic  Devices 

The  idea  of  measuring  the  velocity  of  a  fluid  flowing  through  a  magnetic  field  by 
means  of  the  emf  induced  in  St  is  due  to  M.  Faraday  11161.  Subsequently,  this  idea 
was  used  in  the  design  of  various  meters. 

In  1917  a  device  based  on  the  electromagnetic  induction  phenomenon,  was  patented 
for  measuring  the  speed  of  ships  1 1171.  However,  electromagnetic  logs  have  conic  into 
use  only  during  the  past  few  years.  f 

After  M.  DoIivo-DobrovoPskiv  has  invented  the  three-phase  system  and  asynchro¬ 
nous  motors,  L.  Chubb  in  1915  suggested  the  use  of  traveling  and  rotating  magnetic 
Reids  for  moving  liquid  metal  and.  in  his  patent  application  1 1 191  in  particular,  has 
given  a  description  of  a  volute-type  induction  pump. 

Tue  first  real  dc  electromagnetic  pump  was  designed  by  -J.  Hartmann  in  !91S.  and 
was  used  for  pumping  mercury  in  an  experimental  loop. 

In  1927.  P.  Ye.  Trvnpitsin  patented  an  electromagnetic  induction  pump  (119|  in 
which  he  utilized  the  interaction  of  currents  induced  in  a  liquid  metal  with  the  magnetic 
Reid.  A  similar  patent  was  issued  in  1931  to  A.  Einstein  and  I..  Szfllard  (1201. 

The  first  designs  of  magnetic  flowmeters  also  started  to  appear  at  that  time.  In 
1930  E.  J.  Williams  described  a  constant  magnetic  Reid  magnetic  flowmeter  for  liquids 
and  demonstrated  its  operation  on  aqueous  copper  sulfate,  as  well  as  mercury  1 12 1J. 

In  1934  magnetic  flowmeters  came  into  use  for  measuring  blood  circulation  rates;  this 
preceded  by  approximately  15  wars  the  industrial  use  of  such  instruments. 

During  the  next  few  years,  there  were  many  suggestions  for  the  use  of  electro¬ 
magnetic  pumps  and  magnetic  flowmeters  in  various  industries  (122.  1231.  However. 
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the  greatest  development  of  MHO  devices  was  contemporaneous 
nuclear  power  industry.  During  these  years  the  technolog.  of  e 
metal  transport  and  the  study  of  its  flow  made  great  strides. 


with  the  birth  of  the 
leetromagnetic  liquid 


First  reports  on  the  use  of  electromagnetic  pumps  and  magnetic  flowmeters  in 
experimental  atomic  power  plants  employing  liquid  metal  coolants  appeared  in  the  be¬ 
ginning  of  the  fifties  1124-128]. 


In  the  U.S. ,  the  design  and  development  of  electromagnetic  pumps  for  liquid 
metals  was  concentrated  in  three  laboratories  (Argonne  National  Laboratory.  Oak 
Ridge  National  Laboratory  and  the  National  Laboratory),  which  later  cooperated  with 
many  private  firms.  In  England  produdtf(?ff\  of  eknArom agneti c  pumps  was  started  by 
four  companies  {English  Electric,  British  tlromson-Houston,  Palatine  Tool  and  Engi¬ 
neering  Co. ,  and  Campbell  and  Isherwood). 


Experimental  working  characteristics  of  the  first  electromagnetic  pumps  for 
liquid  metals  are  presented  in  fl27]. 

The  following  firms  had  under  development  magnetic  flowmeters  for  media  with 
a  variety  of  conductivities:  Alto  (Holland),  SNECMA  (France),  Eckart  (West  Germany). 
Foxboro  (USA),  Foxboro-Wauxhall  (England),  etc. 

In  the  USSR,  much  RtD  work  on  electromagnetic  pumps  was  done  by  the  Insti¬ 
tute  of  Physics  of  the  Latvian  Academy  of  Sciences,  by  the  IPL  of  the  Ukrainian  SSR 
Academy  of  Sciences,  and  by  the  Tallin,  Leningrad  and  Donets  Polytechnic  Institutes. 
The  first  Soviet-made  flowmeters  were  developed  by  the  Institute  of  Automation  and 
Remote  Control  of  the  Academy  of  Sciences  of  the  USSR  for  experimental  purposes 
[129,  130].  The  first  industrial  models  were  produced  by  the  Heat  Instruments  Re¬ 
search  Institute  1131-133]:  their  large-scale  production  was  subsequently  undertaken 
by  the  instrument-making  industry. 

The  USSR  experience  of  operating  magnetic  flowmeters  in  liquid  metal  loops  was 
reported  to  the  2nd  International  Conference  on  Peaceful  Uses  of  Atomic  Energy  in 
Geneva  in  1958  [134.  135], 


At  the  same  time  MHD  meters  for  measuring  ocean-current  velocities  were  de¬ 
veloped  [130-138]. 

The  theory  of  magnetic  flowmeters  and  of  electromagnetic  pumps  has  developed 
rapidly  during  the  fifties.  While  the  first  theoretical  studies  dealt  only  with  electrical 
engineering  problems,  subsequently  the  theoretical  problems  were  solved  with  consid¬ 
eration  on  the  MHD  effects. 

The  theory  of  magnetic  flowmeters  was  developed  by  A.  Kolin,  D.  Shercliff,  L.M. 
Korsunskiv.  and  others  [139-154]. 

The  theory  of  electromagnetic  pumps  was  developed  abroad  by  A.H.  Barnes, 

L.  R.  Blake.  D.  A.  W’att  and  others  [155-161],  and  in  the  USSR  by  A.  I.  VoPdek  [162- 
1671,  !.M.  Kirko  [168,  169[,  I.  A.  Tyutin  [170-172],  N.  M.  Ohrcmenko  [173-177],  Yu.  A. 
Birzvalk  ]17H-tsllt  Ya.Ya.  1. iyelpcter  [182-184],  Kh.i.  Yanes  ]  185-187]  and  others 
[188-196]. 

Many  studies  experimental  electromagnetic  pumps  ap]»enrod  at  that  lime  ]  197- 

20*]. 
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Development  of  the  theory  of  MHD  devices,  together  with  the  accumulated  experi¬ 
ence  in  running  them  in  experimental  setups  produced  better  design  techniques,  as  well 
as  improvements  in  engineering  and  operating  characteristics.  This  in  turn  promoted 
the  use  of  MHD  devices  by  various  industries,  and  in  particular,  in  marine  engineering. 

In  1958  the  American  nuclear  submarine  Nautilus,  or.  the  first  passage  over  the 
North  Pole  during  the  voyage  from  the  Pacific  to  the  Atlantic  Oceans,  successfully 
measured  the  vessel's  speed  by  means  of  an  electromagnetic  log  f  147] .  The  secv'id 
American  nuclear  submarine  Seawolf  used  a  powerful  electromagnetic  pump  for  pump¬ 
ing  the  liquid  metal  coolant  (147]. 

There  are  many  suggestions  for  meters  for  incompressible  conducting  fluids 
[147]  and  for  composite  devices  which  employ  electromagnetic  pumps  and  magnetic 
flowmeters.  In  particular,  a  magnetic  flowmeter  is  used  for  measuring  the  density 
and  temperature  of  liquids  [147].  Miniature  electromagnetic  pumps  are  used  in  pres¬ 
sure  measuring  devices  [87]  and  in  new  types  of  relays  (209,  210]. 

There  is  great  promise  for  MHD  bearings  of  high  load-bearing  capacity  [211,  2121, 

The  operating  principles  and  designs  of  various  MHD  devices,  as  well  as  their  ex¬ 
perimental  characteristics  are  described  in  [213-217], 

In  the  beginning  of  the  sixties,  consideration  was  given  to  the  use  of  liquid  metals 
in  MHD  conversion  of  thermal  into  electric  energy.  The  use  of  liquid  metal  as  the  work¬ 
ing  fluid  in  MHD  generators  (instead  of  plasma)  makes  it  possible  to  reduce  the  upper 
temperatures  of  the  cycle  and  to  develop  a  more  compact  power  plant,  which  is  particu¬ 
larly  Important  for  transport  units  employing  nuclear  reactors. 

The  basic  part  of  such  a  unit  employing  an  MHD  generator  is  the  convertor  which 
transforms  the  heat  from  the  reactor  Into  the  kinetic  energy  of  the  liquid  metal.  This 
car  be  dene,  in  theory,  by  using  a  two-phase  nozzle  with  the  flow  of  two  different  met¬ 
als.  one  which  is  in  the  liquid  and  the  other  in  the  vapor  phase.  This  scheme  was  de¬ 
scribed  bv  D.  Elliot  in  1961  [218], 

r 

The  above  work  by  Elliot  provided  the  impetus  in  developing  liquid  metal  units 
for  transport  power  plants.  This  is  shown  by  a  large  number  of  publications  dealing 
with  studies  of  liquid  metal  MHD  generators  proper  [219-223],  as  well  as  with  possible 
schemes  of  liquid  metal  power  units  [224-2401. 

Lately,  special  attention  is  devoted  to  the  design  of  marine  MHD  engines,  since 
they  have  a  number  of  advantages  over  the  presently  used  marine  screws:  these  include 
direct  use  of  the  ship's  electrical  power  for  propulsion,  reducing  the  vibrations  level 
and  the  hydrodynamic  noise,  using  the  energy  of  extremely  high-power  MHD  generators 
for  obtaining  high  propulsion  velocities,  etc. 

The  first  engines,  using  ordinary  magnetic  systems,  were  found  to  be  inefficient 
for  high-speed  submarine  propulsion  [241],  Later  other  suggestions  appeared  on  the 
design  of  MHD  marine  engines  (242-244],  of  which  the  version  of  a  marine  MHD  power 
plant  employing  superconducting  magnets  was  found  to  be  most  interesting  [244],  The 
high  efficiency  of  this  device  at  high  submarine  speeds  makes  it  possible  to  regard  this 
engine  as  promising,  although  its  practical  realization  requires  the  solution  of  many 
complex  scientific  and  engineering  problems. 
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CHAPTER  2 


MAGNETOHYDRODYNAMIC  EFFECTS 


When  a  conducting  fluid  flows  through  a  transverse  magnetic  field,  the  electro¬ 
magnetic  induction  produces  electromotive  forces  and  currents  in  this  fluid:  the  dens¬ 
ity  vector  of  these  currents./,  is  perpendicular  to  the  velocity  v  and  the  magnetic 

flux  density  vector  '.'(Fig.  1). 

The  interaction  between  the  currents  in  the  fluid  and  the  applied  magnetic  field 
results  in  appearance  in  the  flow  of  electromagnetic  ponderomotivc  forces  which 

affect  the  flow  structure.  This  effect  is  in  general  characterized  by  changes  in  the 
local  and  overall  laminar  and  turbulent  flow  variables,  as  well  as  in  the  flow  stability. 

When  a  potential  difference  is  externally  applied  to  a  conducting  fluid  at  rest,  and 
a  transverse  magnetic  field  is  imposed  on  it,  the  liquid  is  set  into  motion  by  the  conduc¬ 
tive  electromagnetic  ponderomotivc  forces  /  .  In  addition,  a  field  of  electromagnetic 

forces  /  is  induced  in  the  flow,  and  these  forces,  as  in  the  first  case,  affect  the  flow 

structure. 

By  varying  the  electromagnetic  field  distribution,  one  can  affect  the  entire  liquid 
or  its  individual  layers. 

We  shall  say  that  the  effect  of  the  electromagnetic  field  on  the  flow  of  a  conducting 
fluid  is  an  MHD  effect  of  the  first  kind. 

Under  certain  conditions,  a  conducting  fluid  can  affect  the  externally  applied  elec¬ 
tric  and  magnetic  fields.  This  phenomenon  characterizes  the  fluid's  reaction,  which  is 
similar  to  the  reaction  of  the  armature  in  electric  machines. 

If  weakly  conducting  fluids  flow  through  a  transverse  magnetic  field,  the  induced 
ponderomotivc  forces  may  be  so  low  as  to  leave  the  flow  structure  virtually  ncnaffected: 
however,  the  nonuniform  distribution  of  local  flow  variables  will  result  in  a  nonuniform 
distribution  of  the  induced  emf  and  currents  in  the  flow.  Wo  shall  say  that  this  is  an  MUD 
effect  of  the  second  kind. 


10 


Obviously,  MHD  effects  of  the  first  kind  are  always 
accompanied  by  effects  of  the  second  kind.  The  extent  to 
which  these  effects  manifest  themselves  depends  cm  the 
characteristic  criteria,  which  can  be  found  from  the  equa¬ 
tions  of  magnetohydrodynamics. 


1,  Characteristic  Criteria  of  Magnetobydrodynamic  Flows 
and  iHiysIeSl  Properties  gTConducting  Fluids  ~ 

Magnetohydrodynamic  processes  are  described  by  a 
system  of  simultaneous  equations  of  hydro-  and  electro¬ 
dynamics.  Here  the  hydrodynamic  (fluid  flow)  equations 
take  into  account  the  force  of  interaction  between  the  elec¬ 
tric  current  and  the  magnetic  field  (/)  while  the  equations 
of  electrodynamics  make  use  of  the  local  velocity  of  the 
conducting  fluid. 

The  Navier-Stokes  and  continuity  equations  for  vis¬ 
cous,  incompressible  conducting  fluid  are  respectively 
written  as 


1 


Fig.  1.  An  element  of 
a  conducting  fluid  mov¬ 
ing  through  a  magnetic 
field. 

KEY:  1)  c,  2)  ind. 


e  [-J  +  («V)u]  r,  -  !•  ,,Ao  +  \J  x  m\ 

di  v  V  0, 


(2.1) 

(2.2) 


where  p  is  the  pressure  in  the  fluid. 

The  interaction  of  electric  charges  with  the  electric  and  magnetic  field  is  usually 
neglected  as  are  the  magnetostatic  forces,  since  these  are  small  as  compared  with  the 
force  /  =  (/  x  a  1. 

The  basic  equations  o?  electrodynamics  for  slow  moving  (as  compared  with  the 
speed  of  light)  isotropic  media  are  f 


J  l  rot  /}■ 

(2.3) 

curl  rot/;'  -  -  ; 

(2.4) 

.:t\,7  •  0; 

(2.5) 

'  :•:<•?!  I. 

(2.G) 

where  E  is  the  vactor  of  the  electric  field  strength. 

Since  the  fluids  which  one  enoountors  in  magnetohydrodynarnics  have  relatively 
high  electrical  conductivities,  displacement  and  convection  currents  can  be  neglected. 
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Equation  (2. 1)  is  regarded  as  the  first  basic  equation  of  magnetohydrodynamics. 
From  Eqs.  (2.3).  (2.4)  and  (2.  G)  we  get  a  second  basic  equation,  which  is  frequently 
called  the  induction  equation: 

(2.7) 

The  physical  variables  of  the  fluids,  i.c. ,  p  (density),  4  (viscosity)  and  a  (elec¬ 
trical  conductivity)  are  treated  as  independent  of  the  electric  and  magnetic  field 
strengths.  The  fluid  is  regarded  as  nonmagnetic  and  the  magnetic  permeability  p  is 
assumed  equal  to  the  permeability  of  vacuum  (p  *  1.257-  10-i;  henry/m). 

The  effect  of  an  electromagnetic  field  on  the  hydrodynamic  system  is  also  mani¬ 
fested  by  dissipation  of  Joule  heat.  In  this  case  the  energy  equation,  which  is  a  part 
of  the  system  of  hydrodynamic  equations,  is  supplemented  by  a  term  for  the  heat  re¬ 
leased  per  unit  time. 

For  incompressible  conducting  fluids  operating  over  a  relatively  moderate  tem¬ 
perature  range,  ovor  which  the  temperature-dependent  variations  in  the  physical  vari¬ 
ables  of  the  fluid  can  be  neglected,  the  energy  equation  is  written  as 

)  tliv  (xv7)  i-  >  W fr ,  (2.8) 

•2 

where  is  the  power  used  up  as  Joule  heat;  andx  are  the  specific  heat  and  thermal 

conductivity  of  the  fluid,  and  \Vlt  -•  J-  +  ^’4)"  is  a  term  expressing  the  work  done 

by  frictional  forces. 

In  solving  problems  of  flow  of  incompressible  fluids  in  electromagnetic  fields  we 
employ  the  equation  system  (2,  l)-(2. 7)  without  the  energy  equation. 

The  assumption  about  incompressibility  of  liquids  is  valid  provided  that  they  move 
at  velocities  much  below  the  speed  of  sound. 

Table  1  presents  data  jn  the  propagation  of  sound  in  liquid  metals,  electrolytes 
and  sea  water  [245.  24«|.  It  should  be  noted  that  the  speed  of  sound  in  sea  water  in¬ 
itially  drops  off  slightly  with  depth  and  in  particular,  is  14G0  m/sec  at  a  depth  of 
1200  m  [ 246 1 .  wherefrom  it  starta'increasing. 

The  speed  of  sound  in  a  conducting  fluid  flowing  through  a  strong  magnetic  field 
which  is  perpendicular  to  the  direction  of  sound  waves  increases  somewhat,  and  is  a 
function  of  the  conductivity  of  the  fluid  [247). 

No  effect  of  the  electric  field  on  the  speed  of  sound  in  various  fluids  was  discov¬ 
ered  [248|.  The  effect  discovered  by  Nolle  [249]  was  found  to  be  due  to  Joule  heating 
[2451. 

The  data  of  Table  1  show  that  in  all  practical  cases  liquids  can  be  treated  as  in¬ 
compressible. 


.*? 

vt 


curl  t  j  ;?1 


Table  1.  Speed  of  Sound  In  Conducting  Fluids 


Fluid 

T.  *C 

a. 

mMcc 

Bismuth 

271 

1635 

Gallium 

29.5 

2740 

Potassium 

64 

1820 

Sodium 

98 

2395 

Tin 

222 

2270 

Mercury 

50 

1440 

Rubidium 

39 

1260 

Lead 

327 

1635 

Cesium 

28.5 

967 

Hydrochloric  add 

15.5 

1520 

Sodium  chloride 

15 

1650 

(c  =  20%) 

Sea  water 

15 

1520 

To  analyze  the  MHD  equations  and  to  find  the  features  accompanying  the  mani¬ 
festation  of  MHD  effects,  these  equations  must  be  reduced  to  dimensionless  form. 


Wc  Introduce  the  following  dimensionless  quantities 


v  ~ 

* 


R 

wA 


a 


7  lv* . 

li  ■  - 


P  . 

*4' 


Lc  ~.  t  "  v 


VR. 


where  vQ,  RQ,  BQ  and  TQ  are  the  characteristic  velocity,  linear  dimension,  magnetic 
flux  density,  and  temperature. 


When  these  quantities  are  substituted  into  Eqs.  (2.  l)-(2.8),  we  obtain  the  dimen¬ 
sionless  magnetohydrodynamic  equations 


<}p 

dt 


-vp 

>ifeA" 

I  [W  :<  7?|  y  n\  -f  ^  \E.<  R\: 

(2.9) 

dB  _ 
dt  ~ 

curl  [V  X  jf?i; 

(2. 10) 

J'-L 

curl  //; 

(2. 11) 

curl  £ 

(2. 12) 

7“|E-I 

!■ -icx  7>||; 

(2. 13) 

divo  —  0; 

(2.  14) 

13 


/ 


0; 


(2. 15) 


*::v ;; 


!  ;y  ,  Urg.*  . 
C S1  +  I 


V 


(2. 16) 


Here  Rc  c'^’  Is  the  fluid-flow  Reynolds  number;  is  the  magnetic 

Reynolds  number;.!!  .?„/*,  j/"^  -  is  the  Hartmann  number;  i\  ^  is  the  Prandtl 

J 

number;*)  >.<  /  *  -  is  a  dimensionless  temperature  term. 

Analysis  of  dimensionless  MHD  equations  shows  that  MHD  flows  are  described  by 
three  dimensionless  ratios:  Re,  Re  and  M. 


As  is  known,  the  hydrodynamic  (fluid  flow)  Reynolds  number  Is  the  nilo  of  the 
convective  inertia  forces  to  the  viscosity  forces.  The  magnetic  Reynolds  number  de¬ 
scribes  the  drag  of  magnetic  lines  of  force  on  the  conducting  fluid  moving  In  the  mag¬ 
netic  field.  If,  by  analogy  with  kinematic  viscosity  v ,  we  introduce  the  so- called  mag¬ 
netic  viscosity  v  *  1  A*<r  .  then  the  magnetic  Reynolds  number  takes  on  the  form  sim¬ 
ilar  to  that  of  hydrodynamic  Reynolds  number. 

On  the  cosmic  scale,  the  magnetic  Reynolds  number  may  reach  very  high  values 
and  the  drag  effect  of  magnetic  lines  of  forces  on  the  moving  medium  shows  up  quite 
strongly.  For  MHD  flows  of  weakly  conducting  fluids  (electrolytes,  sea  water)  is 

always  much  less  than  unity,  i.e. .  there  Is  no  coupling  between  the  magnetic  field  and 
the  conducting  fluid.  In  high  velocity  liquid  metal  flows,  the  magnetic  Reynolds  number 
can  be  greater  than  1. 


The  force  produced  by  interaction  between  induced  currents  and  the  applied  mag- 

he  order  of  <rvQB* , 

The  ratio  of  these 


netlc  field  and  acting  on  a  unit  volume  of  the  conducting  fluid  is  of  the  order  of  oVqB*  . 


while  the  foiee  due  to  ordinary  viscosity  Is  of  the  order  of  t| 
forces  is  expressed  by  the  Hartmann  number. 


When  M  <  1,  the  magnetic  field  has  virtually  no  effect  on  the  motion  of  the  con¬ 
ducting  fluid,  which  will  be  approximately  the  same  as  hi  common  fluid  flow,  with  the 
exception  that  emfs  will  be  induced  in  the  fluid  and  currents  will  flow  through  it.  This 
phenomenon  is  used  for  measuring  the  velocity  of  fluids  with  low  conductivity,  in  par¬ 
ticular,  of  sea  water. 

For  liquid  metals,  we  always  have  M  »  1.  Here,  the  magnetic  field  exerts  an 
appreciable  effect  on  the  flow.  However,  the  extent  of  this  effect  is  also  governed  by 
the  Reynolds  number,  and  hence  the  flow  of  liquid  metals  in  a  magnetic  field  is  analyzed 
in  terms  of  dimensionless  groups. 

As  follows  from  Eq.  (2.9),  the  measure  of  effect  of  the  magnetic  field  on  the  flow 
of  a  conducting  fluid  Is  the  ratio  M2/Rc,  which  is  the  ratio  of  pondcromotlvc  forces  to 
quantity  B2  /RQ.  Sometimes  the  ratio  M2/Re  is  called  the  Stuart  number. 
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When  M  »  1,  but  M2/Re  «  1,  the  electromagnetic  forces  are  small  as  compared 
to  inertia  forces  and  the  fluid  behaves  as  in  the  absence  of  a  magnetic  field.  The  mag¬ 
netic  field  has  a  particularly  strong  effect  on  the  flow  when  RI  »  1  and  M2/Re  —  1. 

I.  M.  Kirko  (168-1691,  using  the  quantity  E  =  £/E0  as  the  dimensionless  electric 
field  strength,  obtained  as  the  last  term  of  Eq.  (2.S)  the  dimensionless  group  MN/Re2, 

ft  efp9V* 

where  N  —  is  a  dimensionless  ratio,  characterizing  the  electric  Reid  strength. 

1  '* 

This  ratio  is  convenient  in  analyzing  the  flow  of  conducting  fluids  in  ducts  of  electro¬ 
magnetic  pumps  and  in  certain  other  cases,  when  the  electric  field  is  externally  applied. 

By  comparison  with  liquid  metals,  electrolytes  exhibit  lower  (4-5  orders  of  magnitude) 
conductivity. 

Due  to  smallness  of  M  and  of  M*/Re,  the  effect  of  electromagnetic  ponderomotive 
forces,  produced  by  interaction  of  the  induced  currents  with  the  applied  magnetic  field, 
can  usually  be  neglected  in  electrolytes.  However,  the  term  reflecting  the  force  pro¬ 
duced  by  externally  supplied  currents  may  be  appreciable.  Hence  at  small  linear  di¬ 
mensions,  MHD  effects  of  the  first  kind  are  observr  d  in  electrolytes  only  in  the  case 
of  externally  supplied  currents. 

If,  upon  substitution  of  number  N  into  the  system  of  equations  for  Prandtl’s 
boundary  layer,  we  rewrite  the  dimensionless  equation  (2. 9)  we  obtain  for  the  axial 
velocity  component  [169] 


*V  ,  t  JV» 
oi  ^  ke  <>? 


(2.17) 


Term  ^,*  is  of  the  order  of  1/fl2.  where  6  is  the  boundary  layer  thickness.  When 
M  »  0  and  N  »  0, 


I  I 

*  HV  V 


1,  T.  0.  5 


I 

vtr 


The  value  and  sign  of  the  third  term  in  the  right-hand  side  of  Eq.  (2. 17)  depends 
on  the  directions  of  the  electric  and  magnetic  Reids  in  the  boundary  layer. 

In  flow  of  liquid  metal  in  a  transverse  magnetic  field  and  in  the  absence  of  an 
external  electric  field,  MJ/Re  can  be  greater  than  unity.  This  means  that  the  boundary 
layer  forms  primarily  due  to  the  effect  of  electromagnetic  ponderomotive  forces  in¬ 
duced  in  the  fluid.  In  our  case  the  current  density  in  the  boundary  layer  will  be  of  the 
order  of  crB^U,  since  it  is  produced  by  a  potential  difference  ~  BQU.  Hence  the  electro¬ 
magnetic  force  acting  in  the  boundary  layer  (per  unit  area  of  the  wall  surface)  is  of  the 
order  of  orB2Ud ,  while  the  viscous  friction  force  is  of  the  order  of  tjU/5  .  These  forces 

should  be  of  the  same  order,  i.e. , 


a  Filer  Z  ^ 


•it/ 

0  ’ 
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whence 


.  I  /  >1  \v«  1  1  1 

0  ^  '"'Af  *  Re '  6-’  ~  Re" 

The  ratio  M2/Re  is  negligibly  small  in  electrolytes.  However,  the  ratio  NM/Rc2 
may  be  appreciable,  and  hence  the  effect  of  conductive  electromagnetic  forces  on  the 
boundary  layer  will  be  evident.  X 

When  the  direction  of  the  vector  product  (/:  x  ;]  coincides  with  that  of  axis  Oz, 
the  fourth  term  in  the  right-hand  side  of  Eq.  (2. 17)  will  describe  the  formation  of  the 
boundary  layer,  and  its  thickness  will  be  defined  by  the  ratio 


o-v',  ,v.u 
Ox* 


The  variation  in  the  temperature  of  a  volumetric  fluid  element  is  governed  by 
existing  convection,  thermal  conductivity,  as  well  as  the  Joule  heat  and  dissipation  of 
energy  of  viscous  friction,  i.e.  ,  by  the  corresponding  terms  of  Eq.  (2. 16).  It  follows 
from  this  equation  that  when  M  »  1  one  can  neglect  the  temperature  variations  pro¬ 
duced  by  viscous  dissipation  because  it  is  much  smaller  than  the  Joule  heat.,  In  the 
case  of  liquid  metals,  the  effect  of  Joule  heat  can  be  controlling  if  the  condition 


Al?  Rc  _  I 
‘  9  '  Rc  W  • 


is  satisfied. 

Thu3,  the  dimensionless  ratios  Re,  R  ,  M,  N,  Pr  and  6  and  some  of  their  com- 

’  m 

binations  allow  one  to  estimate  the  influence  of  MHD  effects  of  the  first  kind,  as  well 
as  of  the  Joule  heat,  on  heat  transfer. 

Obviously,  in  order  to  calculate  the  dimensionless  ratios  and  groups  it  is  neces¬ 
sary  to  know  the  physical  characteristics  of  the  conducting  fluids,  the  parameters  of 
the  applied  magnetic  and  electric  fields,  as  well  as  the  flow  conditions. 

Data  characterizing  physical  properties  of  certain  liquid  metals  and  alloys  are 
given  in  Appendix  1  [1701.  Figures  2  and  3  show  the  conductivities  of  liquid  metals  as 
a  function  of  temperature.  Changes  in  physical  properties  of  electrolytes  as  a  function 
of  concentration  and  temperature  are  shown  in  Figs.  4-8  and  in  Appendices  2  and  3  [250]. 

Sea  water  which  has  properties  close  to  those  of  electrolytes,  is  an  aqueous  solu¬ 
tion  of  various  salts  whose  concentration  fluctuates  over  a  certain  range  depending  on 
the  given  sea  or  on  the  ocean  region.  Studies  show  that  even  if  the  total  amount  of  salts 
changes  within  wide  limits,  the  relative  quantity  of  ions  remains  the  same  in  all  the  seas 
and  in  all  the  ocean  regions  [246]. 

Figure  9  shows  the  conductivity  of  sea  water  as  a  function  of  the  salt  concentration 
at  different  temperatures  [246],  The  salt  composition  in  sea  water  and  its  viscosity  are 
tabulated  in  Appendices  4  and  5. 


Analysis  of  the  salt  composition  shows  that  the  physical  properties  of  sea  water 
are  determined  primarily  by  its  sodium  chloride  content.  It  is  usually  assumed  that  a 
3-3, 5  percent  aqueous  NaCl  solution  has  properties  corresponding  to  those  of  sea  water. 


Fig.  2.  Conductivity  of  liquid  metals  as  a  func¬ 
tion  of  temperature  in  the  range  T  s  320 *C. 


Fig.  3.  Conductivity  of  liquid  metals  as 
a  Amotion  of  temperature  la  tbs  range 
100  «  T  «  W0*C, 
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Fig.  4.  Conductivity  of 
electrolytes  as  s  function 
of  concentration  at  T  =  18*C. 


Fig.  6.  Dynamic  viscosity 
of  electrolytes  ms  a  function 
of  concentration. 

For  NH«C1  et  30  *C;  for  H^04 
at  15*C;  for  other  electro¬ 
lytes  «t  10*0. 


Fig.  S.  Density  of  elec¬ 
trolytes  as  s  function  of 
concentration  at  T  =  18°C. 


f  ■  otm-m 


Fig.  7.  Conduetivttiea 
of  30%  Hj804  and  of  aatu- 
rafted  aqueous  NaCl  solu¬ 
tions  aa  a  function  of 
temperature. 


Fig.  8.  Dynamic  risooetties 
of  a  80%  electrolyte  eolation 
as  a  function  of  temperature. 
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Figure  10  shows  changes  in  the  sea  water  characteristics  as  a  function  of  tem¬ 
perature  (c  «  3.5%). 

The  temperature  of  sea  water  depends  on  a  number  of  factors  (region,  time  of 
year,  depth).  Figure  1>  shows  the  seasonal  variation  of  temperature  with  depth  in  the 
Atlantic  Ocean.  The  measurements  were  made  in  a  region  to  the  northeast  of  the 
Bahama  Islands  [251]. 


<5,  f/ohm-m 


Fig.  9.  Conduc¬ 
tivity  of  sea  water 
as  a  function  of  salt 
concentration  at  dif¬ 
ferent  temperatures. 


Fig.  10.  The  physical  vari¬ 
ables  of  sea  water  as  a  func¬ 
tion  of  temperature. 


v 


Fig.  11.  Annual  isotherms  of  Fig.  12.  Annual  change  in 

water  in  the  Atlantic  Ocean.  the  temperature  of  surface 

waters  in  the  Black  Sea. 
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Table  2.  Numerical  values  of  dimensionless  ratios  for  certain  conducting  fluids 
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Figure  12  shows  the  annual  change  in  the  temperature  of  surface  waters  in  the 
Black  Sea. 

The  above  data  suffice,  when  flow  variables  and  electromagnetic  field  charac¬ 
teristics  are  known,  to  determine  the  dimensionless  MHD  ratios  and  to  estimate  the 
extent  of  influence  of  MHD  effects. 

Table  2  presents  numerical  values  of  dimensionless  ratios  and  groups  for  vari¬ 
ous  conducting  fluids.  The  calculations  were  made  for  the  following  values  of  char¬ 
acteristic  quantities: 

y 

-'J  0,01  ‘  -  t  *»»1»  (10*  «’C‘)j  Vq  :  1  m/a»c 

■f,  -  10*  c. 


2.  Laminar  Magnetohydrod  y  amlc  Channel  Flow 

For  steady  flow  of  conducting  fluids  In  straight  cylindrical  channels,  the  mag¬ 
netohydrodynamic  equations  become  appreciably  simplified. 


Fig.  13.  Schematic  of  a  magnetohydro¬ 
dynamic  channel. 


Let  us  examine  steady-state  flow  of  a  conducting  fluid  in  a  rectangulsr  channel, 
two  walls  of  which,  x  =  ±  b/2,  are  nonconducting  magnet  poles,  while,  the  two  others, 
y  =  ±a/2,  are  well  conducting  electrodes,  closed  through  an  external  circuit  containing 
an  emf  source  and  a  load  resistance  (Fig.  13). 

Using  Eqs.  (2.2)  and  (2.5),  the  first  term  in  the  right-hand  side  of  Eq.  (2.7)  can 
be  represented  in  the  form 

curl  [«  x  D\  «  (tfV)  v  -  -  (oV)  n.  (2. 18) 
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(2.2*5) 


where  s  and  n  are  the  channel's  contour  and  the  normal  to  this  contour.  These  conditions 
are  supplemented  by  the  obvious  condition  for  velocity 

V,  :*0.  (2.27) 

We  note  that  the  boundary  conditions  for  the  magnetic  field  follow  directly  from 
equations  of  electrodynamics. 


For  laminar  flow  of  a  conducting  fluid,  the  system  of  equations  (2.23)  and  (2.24) 
with  boundary  conditions  (2. 25) —(2 .  27)  makes  it  possible  to  solve  a  wide  range  of  prob¬ 
lems  pertaining  to  the  velocity  distribution  and  to  the  distribution  of  electric  current 
density  in  long  MHD  channels  when  the  electric  field  in  the  flow  is  nonuniform.  When 
this  is  done,  it  becomes  possible  to  separate  losses  due  to  viscous  friction,  including 
the  effect  of  the  magnetic  field  on  such  losses. 


The  simplest  problem  is  that  of  flow  of  conducting  fluid  in  flat  channels  (a»  b). 

It  gives  a  quantitative  estimate  of  the  MHD  effects  on  the  local  and  overall  flow  variables. 
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In  accordance  with  the  assumption  of  a  »  b,  the  partial  derivatives  'n  Eqa.(2. 2S>- 
(2.24)  can  be  replaced  by  total  differentials 


}■  *•  f-i  „  -I  if  0;  (2. 28) 

rflf  *  |li|  ilx  til 


(  nnft  ^ 

-jx<  *  i,n/}»  -a? 


o. 


(2.29) 


As  a  rule,  when  solving  this  system  of  equations  one  limits  itself  to  the  condition  |2  '5) 


We  shall  solve  this  problem  in  its  most  g  era!  form.  In  particular,  we  assume 
that  the  conductivity  of  channel  walls  x  -  ±  b/2  is  abritrary,  and  that  /J,|  s  0  a 

*  ’ '  *  V 

is  generally  net  satisfied. 

Integrating  Eq.  (2.29),  we  get 

TT-rtnBls.  +  Ci  0.  (2.30) 

By  substituting  the  above  expression,  Eqs.  (2. 28)-(2. 29)  are  reduced  to  a  single  equation 
for  velocity 


t!*i<, 

lx* 


AP 

b* 


v,  \  Q  >  0. 


(2.31) 


In  Eq.  (2.31),  the  boundary  conditions  for  the  magnetic  field  determine  only  the 
constant  Q;  from  this  follows  the  interesting  conclusion  that  the  n  turner  in  which  the 
velocity  of  a  conducting  fluid  in  flat  channels  changes  does  not  depend  on  the  conduc¬ 
tivity  of  the  walls. 

The  solution  of  Eq.  (2. 31)  is  given  by  the  function 


v,  *  C,  cl.  *  x  -|  Cx  si.  *  x  IQ  £ .  (*.  3r, 

The  integration  constants  are  determined  from  tLa  condition  of  zero  velocity  at  the  chan¬ 
nel  walla 


c  -o-  r  -  ~ 

Using  Eq.  (2.33),  the  solution  takes  the  form 


tliO.oX'J 


(2.33) 


(2.34) 
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The  above  expression  is  conveniently  represented  in  the  dimensionless  form 


^  c!i  v  f i  M  ’  'j  o,:.m 

iv,  i!i ’’ 

where  and  vQ  are,  respectively,  the  maximum  and  average  flow  velocities. 


(2.35) 

(2.36) 


Figure  14  shows  velocity  distributions  constructed  from  Eqs.  (2.35)  and  (2.36), 
respectively.  The  same  figures  show  (by  dashed  lines)  the  velocity  distribution  cor¬ 
responding  to  the  case  when  there  is  no  magnetic  field.  It  follows  from  these  graphs 
that  at  a  constant  average  velocity,  the  contribution  of  the  transverse  magnetic  field 
reduces  to  flattening  the  distribution  and  increasing  the  velocity  gradient  at  the  channel 
walls.  This  last  fact  increases  the  viscous  friction  losses,  which  is  one  of  the  demon¬ 
strations  of  MHD  effects. 

A  more  complete  examination  of  these  effects  requires  returning  to  Eq.  (2.34) 
and  clarifying  the  effect  of  the  magnetic  field  boundary  conditions  on  the  value  of  Q. 

For  simplicity  of  analysis,  we  shall  consider  flow  in  the  clectric-power  generation 
mode  (E0  --  0). 


% 


* 


f/{  I 

Condition  j  b  0  points  to  the  fact  that  along  the  nonconducting  channel 

•<  ‘  l  y 

wall  =  const.  The  selection  of  Bz  j  g  =  0  reduces  to  the  requirement  that  the  total 

current  through  the  channel  cross  section  be  zero.  This  last  condition  follows  directly 
from  integrating  Eqs.  (2. 3)  and  (2.  6)  within  the  limits  ±0.  5b.  This  condition  corre¬ 
sponds  to  the  limiting  case  of  operation  of  an  MHD  generator,  when  its  electrodes  are 
connected  via  an  infinite  load  resistance  (R^  =  oo,  no-load  mode).  Here 


C 


-—'to/!. 


where  X  is  the  channel  length. 


Q 


n  o.v.f 

rj  *l'j  ’ 


Substituting  Eqs.  (2.37)  into  Eq.  (2.34),  we  get 


(2.37) 


In  this  case  the  direct  decelerating  effect  of  the  magnetic  field  is  absent,  i.e.,  the  sum 
of  electromagnetic  forces  decelerating  the  fluid  is  zero. 

Figure  15  shows  dimensionless  velocity  distributions  (v  rjl/pb2)  constructed  from 
Eq.  (2.  38)  for  different  values  of  M  =  const. ,  showing  the  effect  of  viscous  losses.  It 
is  easy  to  see  that  in  this  case  the  magnetic  field  effect  reduces  to  slowing  down  the 
flow.  Wo  note  that  the  velocity  grndiont  at  the  walls  for  different  M  =  const,  remains 
unchanged  due  to  the  assumed  constant  pressure. 
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”•  Velocity  distribution  in  t  conducting 
fluid  flowing  in  a  flat  MHD  channel. 

A»  follows  from  Eqi,  (2. J)  ml <».«».  Madmen  «t|  _  j,  (.MdvdMtto 
the  condition  Ey  =  0;  this  corresponds  to  the  flow  of  a  conducting  fluid  in  a  flat  channel 

™  *PP!“d  *"1  »bort-d  mated 

ejectrooea  (E0  =  R j-  0),  This  case  also  corresponds  to  the  second  limiting 

mode  of  operation  of  an  MHD  generator  (the  short-circuit  mode).  Here 

C-0; 

Q«_-L  (2.3! 
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Fig.  IS.  Velocity  distribution  In 
a  conducting  liquid  flowing  In  a 
flat  MHD  channel,  assuming  vis¬ 
cous  losses. 


Upon  substitution  of  Eq.  (2.39),  the  velocity  equation  becomes 


*  ij/.if*'  l"  ' "  chO'VU  . J* 


(2.40) 


In  this  case,  the  value  of  p  is  composed  of  the  pressure  drop  required  for  over¬ 
coming  electromagnetic  forces  acting  In  the  conducting  fluid,  and  the  pressure  drop  due 
to  visoous  friction. 

Figure  16  shows  distributions  of  (vqf/pb*)  constructed  from  Eq.  (2. 40)  for  differ^ 
ent  values  of  M  =*  const. ;  they  describe  the  effect  of  the  total  pressure  drop. 

Comparison  of  curves  shown  in  Figs.  16  and  16  shows  that  for  a  given  p,  the  ve¬ 
locity  In  the  second  case  drops  more  sharply  with  increasing  magnetic  field  strength. 

This  is  due  to  the  effect  of  pressure  drop  caused  by  electromagnetic  forces. 

Flow  in  a  flat  channel  with  horizontal  walls  of  arbitrary  conductivity  is  equivalent 
to  the  flow  in  the  duct  of  an  MHD  generator  with  electrodes  closed  via  a  finite  load  re¬ 
sistance.  Here  the  statement  of  the  problem  is  not  unique,  since  the  condition  D  =  const. 
^  0  at  the  insulator  walls  becomes  indeterminate.  z 

It  follows  from  Eqs.  (2.3),  (2.6)  and  (2,30)  that 


(2.41) 


where  I  la  the  total  curreut  flowing  through  the  conducting  flutd  in  the  channel  and  through 
the  load. 


k:sW>.-v  slufcHti' 


Fig.  16.  Velocity  distribution  in 
a  conducting  fluid  flowing  in  a  flat 
MHD  channel,  with  consideration 
of  viscous  and  electromagnetic 
pressure  drops. 


In  accordance  with  Eq.  (2.41),  the  general  flow  velocity  is 


**  (  p  rj>\ 
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(2.42) 


Integrating  this  over  the  channel  cross  section,  we  obtain  the  expressions  for  the  average 
fluid  velocity  and  for  the  pressure  ; 


P  \ /,  o aw 
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(2.44) 


In  Eq.  (2. 44)  the  first  term  gives  the  drop  for  overcoming  the  electromagnetic 
forces,  addle  the  second  describes  the  drop  due  to  viscous  friction. 

This  problem  becomes  unique  upon  stipulation  of  an  additional  condition  for  I, 
which  is  determined  by  the  parameters  of  the  external  circuit. 

With  a  conducting  fluid  in  the  duct  of  an  electromagnetic  pump  (E0  ^  0),  the  pres¬ 
sure  gradient  in  the  direction  of  motion  is  positive  and  the  second  term  in  Eq.  (2. 44) 
will  be  negative.  Here,  the  first  term  will  correspond  to  the  electromagnetic  pressure 
bead  developed  by  the  pump,  while  the  overall  expression  wtll  describe  the  pump  opera¬ 
ting  head. 
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It  should  also  be  noted  that  since  the  velocity  distribution  in  a  conducting  fluid 
flowing  in  an  MUD  channel  is  independent  of  the  various  pertinent  boundary  conditions 
for  magnetic  flux  density  at  the  walls  perpendicular  to  the  magnetic  flux,  the  effect  of 
the  magnetic  field  on  the  flow  structure  can  be  examined  without  considering  the  param¬ 
eters  of  the  external  circuit. 


In  engineering  hydrodynamics  it  is  customary  to  relate  the  pressure  drop  to  the 
average  flow  velocity  by  means  of  a  dimensionless  friction  factor  X.  In  particular,  the 
pressure  drop  in  a  pipe  of  length  t  is  determined  from  the  well-known  formula  [252, 
253] 


'V  ■  =  Ih  —  P  > 


).  A  . 
2  * 


(2.  45) 


where  R  =  2S/tt  is  the  hydraulic  radius,  S  and  ii  are,  respectively,  the  pipe  cross  sec¬ 
tional  area  and  wetted  perimeter. 


Equation  (2.45)  is  also  valid  for  the  flow  of  conducting  fluids  in  MKD  channels. 
However,  in  this  case  Ap  includes  only  the  friction  head  drop  which,  as  was  pointed 
out  above,  is  only  a  part  of  the  total  pressure  drop. 

In  ordinary  laminar  fluid  flojv  at  a  specified  Re,  the  friction  factor  X£  depends 

only  on  the  channel  geometry;  in  magnetohydrodynamics,  this  factor  also  depends  on  the 
Hartmann  number  under  these  conditions. 


In  laminar  flow  of  a  conducting  fluid  in  an  MHD  channel  it  is  convenient  to  repre¬ 
sent  the  [magnetic!  friction  factor  X^1  as  [24,  53] 


X  (v.  .’-I) 


(2.46) 


The  factor  K(  y,  M),  which  is  a  function  of  the  channel  geometry  and  of  the  Hartmann 
number,  can  in  general  be  written  as 


(■ 


■IS. 


(2.47) 


where  y  =  7rb/2a. 

All  the  quantities  arc  dimensionless  in  Eq.  (2.47),  with  the  velocity  referred  to 
its  average  value. 

In  the  special  case  of  a  »  b,  the  expression  for  K(y,  M)  becomes 
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(2.  48) 

(2.49) 
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For  .’I  >0 

•v  (/.  .*>;)  *■  X  (y)  21. 


(2.  SO) 
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Equation  (2.  SO)  ia  the  exact  aolutlon  for  normal  fluid  flow  in  a  flat  channel  [232,  263). 


Fig.  17.  Curve  of  X(y,  M)  as  a 
Amotion  of  the  Haitnuum  number. 

1)  Hartman  •  and  Lasarus;  2) 
Murgatroyd. 
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Figure  17  abowi  a  curve  of  K(V,  If )  aa  a  function  of  the  Hartmann  number,  con¬ 
structed  Aram  Eq.  (2. 48).  R  also  chow*  experimental  data  obtained  by  Hartmann  and 
Laxarua  (81]  and  b y  Murgatroyd  [88]  for  the  flow  of  mercury  in  MHD  channels  with  aide 
ratios  of  1:17  and  1:18.  The  experimental  and  theoretical  data  are  in  good  agreement. 

These  data  allow  that  for  a  given  Reynold*  number,  the  friction  footer  for  flow  of 
conducting  fluid  in  a  channel  always  increases  with  the  Hartmann  number  M,  and  can 
exoeed  the  friction  factor  measured  without  e  magnetic  field  by  several  tens  of  times. 


3.  Magaetohydrodyuamlo  Couette  How 

Let  uc  consider  the  flow  of  conducting  fluid  between  two  parallel  flat  walla  one  of 
which,  x  -  0,  la  conducting  am!  it  at  real,  while  the  other,  x  «  b,  ia  an  insulator  and 
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moves  in  its  plane  with  constant  velocity  U  (Fig.  18).  A  uniform  magnetic  field  is  per¬ 
pendicular  to  both  walls.  This  problem  corresponds  to  flow  of  conducting  fluid  in  an 
annulus  between  two  coaxial  infinite  cylinders,  the  distance  between  which  is  appreciably 
smaller  than  their  radii.  Here  a  radial  magnetic  field  is  superposed  on  the  motion  of  the 
fluid. 


y  t. 


Fig.  18.  Magnetohydrodynamic  Couette  flow. 


The  Couette  flow  problem  may  be  treated  as  an  approximation  of  the  boundary 
layer  problem,  whereby  the  stationary  wall  is  treated  as  a  body  past  which  flow  takes 
place  and  the  moving  wall  as  an  external  flow.  Unlike  boundary  layer  problems,  the 
solution  to  the  Couette  flow  problem  may  be  obtained  in  finite  form  and  can  be  used  for 
clarifying  various  relationships  governing  the  behavior  of  boundary  layers. 

In  this  case,  we  can  set  dp/dz  =  0,  E  =0  and  solve  the  problem  by  using  Eq.  (2.31) 
with  the  boundary  conditions  y 

(2.51) 

(2.52) 

The  solution  has  the  form 


(2.  53) 


In  accordance  with  the  boundary  conditions  and  the  condition  that  ~ 
Eq.  (2.  53)  is  transformed  to  the  form 
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(2.  54) 


When  M  —  0.  Eq.  (2.  54)  becomes  the  solution  for  Couette  flow  in  common  fluid  flow  [252] 


(2.  55) 
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Fig.  19.  Velocity  dlatrlbutlon  In 
two-dimeoaion*  1  Couette  flow  In 
the  preaesoe  of  trsnaverae  mag¬ 
netic  field. 


Figure  19  ehowe  velocity  dletributlooa  constructed  from  Eq.  (2.54)  for  various 
values  of  M  *  const.  It  can  be  seen  from  these  curvrs  that  increasing  M  reduoes  the 

frictional  stress  («  n  at  file  lover  wall.  At  fiw  upper  wall,  conversely,  the 

Motional  stress  Increases, 

Using  the  solution  obtained  above,  one  can  determine  the  temperature  dUtrtbatton 
in  Cooette  flow  (4).  Neglecting  file  variations  of  dissipative  fedora,  we  can  write  the 
energy  equation  (f .  8)  as 


»&  +  T<  M  (  £)*  '  »• 


(1.80 


Since  acoordtagto  Eqs.  (2.3)  and  (2.30) 


*  '  '  V  4t 


Eq.  (2.5®  reduoes  to 
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(2.57) 


Slnoe  the  velocity  distribution  la  gives  by  Eq.  (2, 5®,  wa  find 
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The  solution  of  £q.  (2.  58)  has  the  form 


If  the  wall  is  thermally  insulating,  then  dT/ttx  =  0  sod  Ct  «  0.  The  constant  of  integra¬ 
tion  Cj  can  be  found  by  setting  x  -  b: 
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where  T^  is  the  temperature  of  the  moving  wail. 


•  li  r.f. 

Consequently, 
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The  temperature  of  the  lower  wall  at  1C  »  1  is 
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(2.60) 
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(2.61) 


It  follows  from  the  above  expression  that,  given  our  assumptions,  the  wall  tem¬ 
perature  does  not  depend  on  the  applied  magnetic  field. 

If  the  temperature  of  the  stationary  wall  T  |x=0  has  been  specified,  then  the  best 
flux  to  the  wall  is 


r\t  , 

-  -  k  -•  c 


and  alec  does  not  depend  on  the  applied  magnetic  field. 


(2.62) 


Studies  of  Coustte  fleer  make  tt  possible  to  predict  a  number  of  effects  produced 
by  a  transverse  magnetic  field,  and  inherent  in  a  boundary  layer.  In  particular,  it 
fellows  from  these  studies  that  the  effect  of  a  transverse  magnetic  field  Am  to  a  body 
past  which  flow  takes  place  should  result  to  reduction  of  viscous  friction  losses  end  in 
au  increase  in  the  thickness  of  the  boundary  layer.  As  aeen  from  Kq,  (2. 62).  the  heat 
transfer  should  deteriorate  when  the  boundary  layer  thickness  is  Increased. 


4.  Laminar  Pkm  of  a  Conducting  Fluid  over  a  Plate 
in  fgggtegg  of  a  Transferee  g^gcgggn 

Let  us  oonetder  the  flow  in  a  laminar  boundary  layer,  created  on  the  surface  of  a 
plate  fixed  in  a  flowing  conducting  fluid  in  the  presence  of  a  magnetic  field  which  is 
stationary  relative  to  the  plate. 


We  assume  that  the  plats  is  fist  The  t  axis  Is  parallel  to  the  wall,  and  the  x  axis 
(s  perpendicular  to  it  (Fig.  *»).  Tbs  magnetic  Reynolds  number  is  assumed  to  be  small, 
so  that  the  induced  magnetic  field  may  he  neglected  as  compared  to  the  applied  field 
8  •  B*. 
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In  this  case  one  can  assume  that  the  velocity  has  two  components,  v  and  v  , 

while  the  electric  correct  and  the  electric  flux  density  have  components  only  along  the 

y  axis.  At  low  conductivity  of  the  fluid  and  small  magnetic  Reynolds  numbers  (R  ). 

m 

the  pcnderomotive  force  component  in  the  z  direction  can,  in  the  first  approximation, 
be  represented  In  the  fora  fS] 

/.-•of \/&  (2. 63) 

The  other  oomponeots  of  foe  ponderomottve  force  can  be  neglected. 


Fig.  20.  Laminar  magnetohydrodynamic  boundary 
layer  on  a  flat  plate. 


th  r  foe  above  conditions,  the  momentum  and  oonfcii&sRy  aquations  can  be 
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(2. 64) 
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The  boundary  coadttione  for  Kqe.  (2. 04)  and  (S.88)  are 

»«  "  »,  *  0  for  a  •«  0;  et  >  •  i/  (/,  for  a  ►  co. 

Equations  (2. 8*1  sad  (*.  08)  differ  from  PraadU  boundary  layer  equatio  n  (282) 
only  by  foe  presence  of  an  addttfonal  term  to  iq.  <3.  Of). 


(2,  Of) 


(2. «« 


The  potential  flow  U (a,  t)  should  be  treated  as  a  known  function.  In  aMIttoo,  one 
must  opacify  the  flow  la  the  bowthury  layer  for  the  ooodtttooi  of  foe  problem  at  t  •  0 
for  foe  entire  rang*  of  a  and  x  under  coo^  deration. 


For  steady  flow,  tqs.  <2. 04)  sad  (2.09)  simplify  to 

•«  4.  • a.  «  *  !  *  **  9 


(2.07) 
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To  simplify  analysis,  we  consider  the  flow  over  the  plate  in  the  absence  of  a  pressure 
gradient.  The  equation  of  motion  (2.  67)  is  then  rewritten  as 


~0x! 


(2.  69) 


The  boundary  conditions  are  written  as 


for  .<  rt; 

■a t  for  x  <v>. 


(2. 70) 


To  integrate  Eq.  (2. 69)  with  boundary  conditions  (2.  70)  we  can  introduce  the 
stream  function  <p(z,  x),  which  satisfies  the  continuity  equation,  i.e. ,  as  in  fluid  flow, 
we  can  set 
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We  first  introduce  the  new  variables  suggested  by  Blasius 
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(2.  71) 


(2.  72) 


The  stream  function  can  be  as 


-  VO™ %  j  '»•!>/,  Wf)f,  {»»)  Is  i  (■■'Aft 


(2.  73) 


where  f0,  fj  and  f2  are  functions  only  of  t]  and  m  =  mt/U. 

The  velocity  components  and  their  derivatives  are  determined  from  the  expres¬ 
sions 


whence 
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Substituting  Eqs.  (2.74)  and  (2.75)  into  Eq.  {2. 69)  and  equating  the  coefficients  of  the 
same  powers  of  parameter  mi,  where 


we  will  get  a  system  of  ordinary  differential  equations  determining  function  f 

7*  Pa  (2,7  8) 

-’/•  7.7-  A/;  (2.77) 

7i  -  f/7't  :  77;  A/!  <//•  7  A’  7>  (2.78) 

etc. 

The  boundary  oonditiona  for  Eqa.  (2.78M2.78)  are 


h  -  ft  /«  •  •  •  -  0 
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0  for 

<1  -CO, 

Equation  (2.76)  is  the  Blasius  equation,  whose  solution  is  known;  functions  fn,  Q 
and  TJ  have  been  tabulated  by  L.  Howard  [252]. 

Equations  (2. 77)  and  (2, 78)  are  ordinary  linear  differential  equations  for  fj,  f4, 
etc. ,  and  can  be  integrated  numerically. 

Figure  21  shows  the  calculated  velocity  distributions  for  different  values  of  mz , 

The  solid  lines  are  for  the  cases  in  which  the  series  terms  with  mz  to  the  second  and 
higher  powers  have  been  neglected,  while  the  dashed  lines  were  obtained  with  the  squared 
terms  retained. 

The  above  data  show  that  the  transverse  magnetic  field  affects  the  velocity  distribu¬ 
tion  in  the  boundary  layer  when  mz  >  0. 1;  a  transverse  magnetic  field  which  is  stationary 
relative  to  the  plate  reduces  the  velocity  gradient  at  the  wall. 

For  this  case,  we  have  the  following  expressions  for  the  friction  factor  and  the  dis¬ 
placement  thickness 
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(2.  79) 


f  f\ 
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11.73  ;  (Vs!;;u  >.  ’  '  "I  ]  ), 


(2.  80) 


When  m  =  0,  then  Eqs.  (2.79)  and  (2.80)  become  expressions  for  the  ordinary  boundary 
layer  [2521. 


y 

Fig.  21.  Velocity  distribution 
in  a  laminar  boundary  layer  in 
the  presence  of  a  magnetic 
field  stationary  relative  to  the 
plate. 


It  follows  from  the  above  expressions  that  in  the  presence  of  a  transverse  mag¬ 
netic  field  which  is  stationary  relative  to  the  plate,  the  surface  friction  factor  decreases 
with  increasing  m,  while  the  displacement  thickness  increases. 

The  change  in  friction  factor  with  increasing  m  =  M/V  Re  is  shown  in  Fig.  22. 

If  the  magnetic  field  moves  together  with  the  potential  flow  relative  to  a  stationary 
plate,  then  by  virtue  of  slip  of  the  fluid  in  the  boundary  layer  relative  to  the  magnetic 
field  and  because  of  changes  in  the  direction  of  electromagnetic  forces,  the  velocity 
gradient  at  the  wall  will  increase  with  increasing  magnetic  field  intensity;  this,  in  turn, 
will  increase  the  surface  friction  factor  as  compared  with  the  absence  of  a  magnetic 
field  [39],  This  fact  was  confirmed  experimentally  [93], 
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Fig.  83.  Friction  tec- 
tor  for  a  plate  aa  a  func¬ 
tion  of  MjVSe  in  the 
presence  of  a  stationary 
magnetic  field. 


Fig.  23.  Friction  factor  for  a 
plate  aa  a  function  of  VL/ffto  in 
the  presence  of  a  magnetic  field 
moving  with  the  conducting  fluid. 


Figure  23  shows  an  experimentally  determined  curve  of  cjc.  as  a  Amotion  of 

r  *0 

MA'Rc ,  ditained  for  0, 2-0. 3  mm  thlok,  20  x  20  mm,  30  x  30  mm,  or  40  x  40  mm 
dielectric  plates  plaaed  in  s  mercury  flow. 

The  above  data  show  that  the  surface  friction  factor  increases  appreciably  with 
an  increase  in  M/VRe .  In  particular,  for  M//R e  =  2  the  friction  factor  Increases  by 
an  order  of  magnitude  as  compared  with  its  value  in  the  absence  of  a  magnetic  field. 


5.  Effect  of  a  Transverse  Magnetic  Field  on  the  Btahllity  of  Flow 
of  a  dk>Mucting  j^utd  * 

Of  primary  oonoem  in  the  study  of  stability  of  MHO  flows,  Just  aa  in  ordinary 
hydrodynamics,  is  the  determination  of  criteria  characterising  transition  from  laminar 
to  turbulent  flow. 

Theoretical  studies  of  stability  are  usually  based  an  the  method  of  small  perturba¬ 
tions.  The  basic  assumptions  underlying  the  use  of  this  method  in  the  study  of  stability 
of  plane  parallel  MHO  flows  are  examined  in  the  book  by  Pal-Shth-t  IS]. 

Consider  the  plane  parallel  flow  of  a  conducting  fluid  in  the  i  direction  in  a  trans¬ 
verse  magnetic  field  (Fig,  24).  In  this  esse  we  may  set 

v,  -■<  v,  -■  e,  0,  p  <V  !  Ct  !  .V  (f);  l 

/».  /»,;  H,  n>  0,  |  (2.81) 

where  C1(  Cj  and  B(  are  constants,  while  vt,  Bj  and  N  are  functions  of  x  only. 
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Let  us  assume  the  small  perturbations  are  applied  to  an  Initially  steady  flow  of 
the  conducting  fluid.  The  velocity,  pressure  and  magnetic  flux  density  components 
for  perturbed  flow  can  be  represented  in  the  form 


<-'v  (")  it,  Oy  Vy, 

P  C,;  ;  C,  '  ,V  (.t)  1  p';  ' 


It,  >K  (X)  !>,.  lit  flu  h\,  fl„  by. 


(2.82) 

! 


where  v[,  v„  i\,  p,  b,.  b. .  ft*  are  the  magnitudes  of  the  perturbations.  It  is  assumed 
that  these  quantities  are  very  small  as  compared  with  the  corresponding  values  charac¬ 
terising  the  main  flow. 


! 
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Fig.  24.  Schematic  of  the  flow  of  a  conduct¬ 
ing  fluid  between  two  parallel  plates  In  a 
transverse  magnetic  field. 


Substituting  Eq.  (2.82)  into  Eqs.  (2.1),  (2.2),  (2.  S)  and  (2.7),  and  making  use  of 
Eq.  (2.3),  we  get  the  following  expressions  for  the  perturbations: 
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(2.86) 

(2.87) 

(2.88) 

(2.89) 

(2. 90) 


where 


A  *  .  *  :  * 

A  =  T  +  W 

Equations  (2. 83) -(2. 86)  do  not  Include  terms  containing  squares  of  perturbations, 
since  tht.je  are  second-order  infinitesimals. 


The  perturbations  are  specified  in  the  form 

v‘  «-  <p  (jf)  exp  i  (az  -|-  nltj  —  j)/);  | 
b"  ---■  $  (.v)  exj  i  («r  -i  «,//  —  p/>.  } 


(2.91) 


In  the  above  expressions  a  and  oi  are  positive  real  numbers,  which  are  called  the  wave 
numbers  of  the  perturbations,  while  is  a  complex  eigenvalue 

P  -  P,  +  «P„ 

where  la  the  cyclic  frequency  of  fluctuations,  while  /Jj  is  an  increment  factor  whose 
sign  governs  the  behavior  of  the  fluctuations.  If  /Jj  <  0,  then  the  fluctuations  are  damped 
and  the  laminar  flow  is  stable.  If,  however,  fi  ^  >  0,  then  the  fluctuations  increase  and 
the  laminar  flow  is  unstable. 

Frequently  use  is  also  made  of  the  parameter 

p  .  • 

■  n'  *V  1  ,C1* 

where  cf  is  the  rate  of  propagation  of  the  waves,  while  is,  as  before,  an  increment 

factor,  the  sign  of  wh'ch  determines  whether  the  preturbations  are  damped  or  increasing. 
The  ampUtude  <p  of  the  perturbing  motion  is  assumed  to  be  a  function  of  x  only,  since 
the  main  flow  also  depends  on  x. 
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Upon  substitution  of  Eqs.  (2.  91)  into  Eqs.  (2.82)-(2.  90)  and  appropriate  trans¬ 
formations,  the  latter  are  reduced  to  the  form  [51 


where 
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(2.  92) 

(Dt  hqum,)  t(>,  = 

(2.  93) 
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Equations  (2,  92)  and  (2.93)  are  the  basic  equations  of  the  magnetohydrodynamic 
stability  theory  for  plane  parallel  flows. 

If  there  is  no  magnetic  field,  then  Eq.  (2. 93)  becomes  an  identity,  while  Eq. 

(2. 92)  becomes  the  ordinary  equation  of  stability  of  a  laminar  plane  parallel  flow  with 
three-dimensional  perturbations. 


Studies  by  G.  B.  Squire  (2521  showed  that  in  order  to  determine  the  critical 
Reynolds  number,  that  is,  the  lower  boundary  of  stability,  it  is  sufficient  to  examine 
two-dimensional  perturbations. 


When  =  b^  and  =  0,  Eqs.  (2. 92)  and  (2. 93)  take  the  form 


(2.94) 

(2.95) 


In  the  study  of  stability  of  MHD  flows  the  eigenvalues  of  Eqs.  (2.94)  and  (2.  95) 
must  be  found  at  the  appropriate  boundary  conditions. 


Theoretical  studies  of  the  stability  of  flow  of  a  conducting  fluid  in  a  flat  channel 

in  the  presence  of  a  transverse  magnetic  field  and  R  «  1  were  done  by  Lock  [441. 

m 

In  the  case  of  «  1,  the  induced  magnetic  field  Bz(x)  can  be  neglected  com¬ 
pared  with  the  applied  field  B0.  Then  Eq.  (2. 95)  reduces  to  the  form 

Of*  ~  t«)  --  ~  'Vf!.  (2. 9fi) 

after  which  Eq.  (2.  94)  becomes^ 
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Introducing  dimensionless  variables,  we  get 
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(2,98) 


The  above  expression  differs  from  the  Orr-Sommerfekd  equation  by  the  presonce  ol  the 
right-hand  sice.  The  boundary  conditions  for  it  are 

?,  •  -=  ?x  -  -  0  for  x  --  0,5.  (2. 91) 

A  solution  of  Eq.  (2. 98)  with  the  above  boundary  conditions  was  constructed  by 
Lock  using  Lin's  method  for  the  cases  of  low  and  high  Hartmann  numbers. 

In  order  to  specify  the  velocity  distribution  of  unperturbed  flow  at  low  Hartmann 
numbers.  Lock  used  Hartmann's  solution.  At  high  Hartmann  numbers  an  exponential 
velocity  distribution  was  specified;  this  is  justified  by  the  presence,  in  this  case,  of  a 
flow  core,  where  the  velocity  is  constant. 

The  neutral  stability  curves  obtained  by  Lock  for  low  M  are  shown  in  Fig.  25. 
Examining  them  we  see  that  the  transverse  magnetic  field  has  a  strong  stabilising 
effect  on  the  flow  of  conducting  fluids.  Physically  this  is  attributed  to  changes  in  the 
fluid's  velocity  distribution  and  suppression  of  turbulent  pulsations  by  the  magnetic 
field. 


The  neutral  stability  curve  shown  by  a  dashed  line  was  calculated  by  Lin  and 
corresponds  to  the  case  of  fluid  flow  in  the  absence  of  a  magnetic  field. 

Lock  also  established  that  the  stabilising  effect  of  the  magnetic  field  is,  in  this 
case,  due  primarily  to  changes  in  the  velocity  distribution  over  the  channel  croea  sec¬ 
tion.  For  high  M,  he  obtained  the  following  expression  for  the  orttical  Reynolds  number 

ReS  **  kM,  (2.100) 


where  k  =  50, 000. 

Theoretical  studies  on  the  stability  of  flow  of  a  conducting  fluid  in  the  boundary 
layer  at  a  thin  plate  in  the  presence  of  a  transverse  magnetic  field  were  dene  by  V.  N. 
Arkhipov  (47].  Neglecting  all  the  velocity  components  of  the  boundary  layer  except  the 
longitudinal,  he  solved  this  problem  by  means  of  Eq.  (2.  C8)  with  the  boundary  oonditions 

*p,  <p  j  :  0  for  x  -  0;  | 

T.  9.  0  for  x  >•*>.  )  (2.101) 

Arkhipov  specified  the  velocity  distribution  in  the  boundary  layer  by  means  of  a 
relationship  obtained  previously  in  (39). 

The  problem  was  solved  by  the  Galerktn  method,  using  a  system  of  "approxima¬ 
ting"  functions  which  satisfy  boundary  conditions. 
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Taking  as  the  characteristic  dimension  the  thickness  of  the  displacement  layer 
l./.i  j  'J ,  Arkhipov  obtained  neutral  stability  curves  in  the  second  approxima¬ 
tion  (Fig.  26).  Examining  these  curves  we  see  that  in  this  case,  as  in  channel  flow  of 
a  conducting  fluid,  the  effect  of  a  transverse  magnetic  field  reduces  to  increasing  the 
flow  stability. 

Subsequent  experimental  studies  by  Murgatroyd  [83]  showed  that,  at  M  »  1, 

Eq.  (2. 100)  correctly  expresses  the  qualitative  relationship  between  Re*”,  and  the 

cr 

Hartmann  number,  but  gives  larger  quantitative  deviations.  In  particular,  he  has 
obtained  the  expression 
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(2. 102) 


Fig.  25.  Neutral  stability  curves  for  the 
flow  of  a  conducting  fluid  in  a  flat  channel 
in  the  presence  of  a  transverse  magnetic 
field. 


Fig.  26.  Neutral  stability  curves  for  lami¬ 
nar  flow  of  a  conducting  fluid  over  a  plate 
in  the  presence  of  a  transverse  magnetic 
field. 


It  follows  from  Lock's  theoretical  formula,  as  well  as  from  Murgatroyd's  experi¬ 
mental  relationship,  that  the  friction  factor  corresponding  to  Recr  is  a  constant  quanttty. 

It  was  established  by  analysis  of  a  large  volume  of  experimental  data  [53]  that  the 
magnitude  of  th*>  friction  factor  characterizing  the  onset  of  the  first  turbulenoe  is  inde¬ 
pendent  of  the  shape  of  the  channe1  cross  section  and  of  the  applied  magnetic  field,  and 
may  be  taken  as 
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(2. 103) 


The  validity  of  Eq.  (-.  103)  is  confirmed  by  available  experimental  data  (Fig.  27). 


Ilf.  27.  Comparison  of  experimentally  obtained  friction 
factor  in  MHD  channel  flows  with  tho  exact  solution. 

1)  Hartmann  and  Laaarua;  2)  Murfatroyd;  3)  Physics  Insti¬ 
tute  of  the  Latvian  Academy  of  Sciences;  4)  Ryablntn  and 
Kfeoahatnov;  8)  Khoahaioov. 


In  accordance  with  Eqa.  (2. 4«)  and  (2. 103)  the  stability  criterion  can  be  repre 
sented  as 


Re¬ 


x'  (y.  >'!) 
o.ui;/  * 


(2.104) 
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In  accordance  with  Eq.  (2.49),  for  flat  channels  with  M  »  1  Eq.  (2. 104)  becomes 
identical  with  Murgatroyd's  empirical  formula. 


S.  Turbulent  Magnetohvdrocbrnaailc  Channel  Flow 

One  of  the  most  complex  problems  of  applied  magnetohydrodynamics  is  the  study 
of  the  effect  of  transverse  magnetic  fields  on  the  turbulent  channel  flow  of  conducting 
fluids. 

The  most  extensively  used  methods  In  the  study  of  turbulent  channel  flows  in 
engineering  hydrodynamics  are  se*r.ic:spirical,  based  on  experimental  determination 
of  a  number  of  characteristic  parameters.  These  methods  are  also  used  in  applied 
magnetohydrodynamlca . 


lilt* 


Fig.  28.  Schematic  of  turbulent  flow  of  a  conducting 
fluid  in  a  flat  MHD  channel. 


Let  us  now  examine  the  turbulent  flow  of  a  conducting  fluid  in  a  flat  MHD  channel 
(Fig.  28). 

Studies  of  the  structure  of  turbulent  MHD  flows  in  flat  channels  using  the  aerni- 
empirical  approach  were  performed  by  L.  Harris  |S2|.  However,  before  we  examine 
his  results,  it  is  proper  to  consider  the  overall  flow  parameter,  i.e. ,  the  friction 
factor. 

Analysts  of  equations  of  turbulent  MHD  channel  flow  {83]  written  in  dimensionless 
form  shows  that  the  friction  factor,  describing  pressure  drop  in  a  channel  and  produced 
by  viscour  friction  and  turbulent  mixing,  can  be  represented  as  a  sum  of  two  components 

*T,  >!  1  ><%  (2,  log) 


where  A*£  is  the  friction  factor  of  laminar  MHD  flow,  A£»p  is  a  component  produced 
by  magnetofcydrodynsmlc  pulsations.  The  expression  for  Astras  obtained  tn  Sec.  2. 
We  shall  now  analyse  the  second  component  of  tee  friction  fector. 
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(2.1019 


It  la  expedient  to  represent  Xf‘  In  the  form  [53] 

P« 

where  A®  l*  the  friction  factor  component  of  ccmmon  Quid  flow  due  to  pulsations. 

**  P* 

It  ia  obvious  that  when  If  —  0 


0. 


The  magnetic  field  exerts  a  atabiliiing  effect  on  the  channel  flow  of  cooducttog 
tluida.  Hence,  when  Re  *  const. ,  a  rise  in  the  Hartmann  number  abouid  change  Am 
flow  mode  from  turbulent  to  laminar.  Consequently,  when  Re  *  oonat  and  M  -*oo 


r.’  )) 

’(R''  'St')"*'  (a.  1071 

We  repraaent  e  as 

f(Kc.-£)--C»(R7.  •£-)• 

Then  for  Re  •  oonat  and  If  —  m  wo  can  write,  to  accordance  with  Eq.  (2. 107),  that 

To  examine  the  structure  of  function  ♦  for  small  liVRe,  we  expend  tt  in  a  eeriea 
in  terms  of  this  parameter  in  the  neighborhood  of  M*/Re  «  0: 

v(K«\  £)-  Y  °>  +  Z  *’  >•  ' 

after  which  Eq.  (1. 106)  reduces  to  the  form 

»«  >?  i*  m  V  •  /  »*'  \*_i| 

**♦  '+■  ***pt«t «)  M  \  |- 


•  ia  easy  to  ohow  that « (He.  0)  «  0.  Coweequaatly,  whea  M*/Re~0,  functtoe 
goee  to  taro  aa  MVRe. 


ta  gauaral.  whea  Vp/th  goes  from  0  to  «o,  we  caa  write 


(2. 10ft 
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The  expression  for 


A?1  has  tie  form 

t.  p. 


>p- 


<2.  no) 


Thus  the  expression  for  the  friction  factor  for  turbulent  taHD  flow  of  r  conducting 
fluid  in  a  flat  channel  can  be  written  as 


For  flat  channels,  function  A*  is  gives  by 

*•  P* 


,0  ;«  21 

’’A,  - 


(2.111) 


(2.112) 


Experimental  studies  show  that  in  hilly  developed  liquid  pipe  flow,  A°  is  virtually 

independent  of  the  pipe  cross  sectional  shape  and  is  satisfactorily  described  by  the 
Blast  us  law  up  to  Re  *  10*  (254) 


,•  o.m 

A.  r.*  ■ 

K «••** 

When  Re  >  10s,  A  J  can  be  determined  from  Prandtl'a  general  lew  (252,  253). 


(2.113) 


To  construct  function  4  it  suffices  to  know  experimental  values  of  A  ®  at  different 
Re  and  ¥.  Then,  according  to  Eq. (2.  Ill),  function#  i a  given  by 


(2.114) 


Figure  29  shown  curves  of  ♦  (Re,  M}/Re)  constructed  from  experimental  data  of 
|W).  A  family  of  these  curves  Is  described  by 


si* 


i  i  *» 


K« 


a  • 


(2.11® 


which  satisfies  the  limiting  conditions  (2. 1091. 

Factors  a,  and  5,.  which  for  a  flat  channel  are  function#  of  Re  only,  are  de¬ 
fined  by  the  expressions 


(«• ) 

M  !*i 


I 
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Fig.  29.  The  normalized  func¬ 
tion  f  vs.  parameter  M*/Re. 


When  M-  1  and  Re-  103,  the  expressions  for  the  friction  factor  become  more  com¬ 
plicated 


V  K~%M)  +  '■'!»)[  "jS  - 

_ _ l.f, »jr / jjc  w.\) 

0.912- !0-»(Rc  - 1 .'*55)]  1  \  1  Re  /  J  ’ 


(2.116) 


where  6  (Re  -  1355)  is  a  unit  function 

jO  for  Rc<  !  355; 

8  II  for  Ro>im 

We  note  that  Eq.  (2. 116)  is  valid  for  turbulent  and  laminar  flows  of  conducting  fluids 
with  and  without  a  magnetic  field. 

Figure  30  shows  the  curve  of  X™  =  f  (Re,  M)  constructed  from  Eq.  (2. 116)  for  dif¬ 
ferent  values  of  M  =  const.  It  also  shows  the  values  of  A™  obtained  by  analysis  of  experi¬ 
mental  data  of  Hartmann  and  Lazarus  {81]  and  Murgatroyd  [83],  They  are  in  satisfactory 
agreement  with  theoretical  data. 

Figure  31  shows  curves  of  A™  -  f(Re,  M)  obtained  by  A.  I.  Khozhainov  in  a  rectangu¬ 
lar  channel  with  ratio  of  sides  1:2.5,  as  well  as  data  of  L.  Schiller  {255]  and  J.  Nikuradse 
{256]  for  water  flowing  in  a  eimilar  channel  with  M  =  0. 

Note  that  to  compare  the  experimental  data  of  Fig.  31  with  theoretical  results,  a 
correction  term  must  be  introduced  in  Eq.  (2. 116)  to  account  for  the  effect  of  the  side 
walls  (110]. 
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Fig.  30.  Friction  factor  curves  for  the  flow  of  a  conducting  fluid  in  a  flat 
MHD  channel. 

KEY:  1)  Hartmann  and  Lazarus;  2)  Murgatroyd;  3)  Blasius  law. 


It  is  seen  from  Figs.  30  and  31  that  some  experimental  data  on  A™  in  turbulent 

low  of  mercury  at  low  M  lie  appreciably  below  the  curve  described  by  the  Blasius  law. 
Conversely,  for  large  M  the  experimental  values  of  A™  lie  above  this  curve.  This  is 

i  regular  phenomenon  and  is  easily  explained  from  the  physical  point  of  view. 

Thus,  the  effect  of  a  transverse  magnetic  field  on  turbulent  channel  flow  of  a  con- 
iucting  fluid  involves  changing  the  velocity  distribution  over  the  channel  cross  section 
md  suppression  of  turbulent  pulsations.  At  low  M,  the  shape  of  the  velocity  distribution 
s  close  to  that  of  ordinary  hydrodynamics,  i.e.,  the  magnetic  field  does  not  appreciably 
ncrease  the  velocity  gradient  at  the  walls,  but  suppresses  turbulent  pulsations.  Hence 
or  a  given  Re  one  observes  a  smaller  friction  factor  than  in  equivalent  common  fluid 
low. 

At  high  M  the  effect  involving  the  increase  in  the  velocity  gradient  at  the  walls  domi- 
ates  over  tho  turbulent  pulsation  suppression.  Hence  in  this  case  in  a  given  range  of  Re 
ic  friction  ' actor  is  greater  than  A°. 

I 

!  When  M  ::  const. ,  all  the  A™  =  f  (Re,  M)  curves  tend  asymptotically  to  the  curve 

orrcsponding  to  the  Blasius  (Prandtl)  law  of  higher  Re. 

\ 
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From  the  engineering  point  of  view,  the  region  of  turbulent  MHD  channel  flow  can 
be  divided  into  two  atones,  in  the  first  of  which  (corresponding  to  low  M)  the  magnetic 
field  reduces  the  friction  factor  as  compared  to  its  value  in  ordinary  hydrodynamics, 
and  in  the  second  (corresponding  to  high  M)  it  increases  this  factor. 


o 


It  follows  from  the  above  analysis  that  it  is  not  generally  permissible  to  calculate 
m 

A  t  from  ordinary  hydrodynamic  formulas. 

L.  Harris  (52]  has  analyzed  the  turbulent  flow  of  a  conducting  fluid  in  a  flat  chan  - 
nel,  following  the  method  developed  by  K.  Millikan  for  turbulent  flows  without  a  mag¬ 
netic  field. 

Using  the  n  -theorem  from  the  theory  of  similitude,  Harris  obtained  the  following 
functional  relationship  for  the  velocity  distribution  in  turbulent  flow  of  conducting  fluids 
in  flat  channels: 


i* 

where 


In  Eq.  (2. 117)  the  tilde  denotes  averaging  with  respect  to  time. 

Assuming  that  the  velocity  distribution  near  the  wall  is  independent  of  the  channel 
size,  Eq.  (2. 117)  can  be  reduced  to  the  form 


/vkV.A 


(2.117) 


.u 

t) 


2 


x\  Mx‘).  (2.118) 

Considering  the  fact  that  the  effect  of  a  transverse  magnetic  field  on  velocity  dis¬ 
tribution  reduces  to  flattening  the  distribution  in  the  core  flow,  it  can  be  assumed  that 
the  local  structure  of  the  core  will  not  depend  on  viscosity.  Then  the  following  relation¬ 
ship  can  be  used  as  the  MHD  analogy  of  the  velocity  distortion: 


0 


I  > 


(2.119) 


where  U  is  the  average  velocity  in  the  center  of  the  channel. 

From  the  condition  that  Eqs.  (2. 118)  and  (2. 119)  must  yield  identical  results  in  a 
certain  region  of  values  of  x*,  we  get 


’  .  .v x *.  Mx-)  '!>(KV\  M)  •>(  :;;!.  i*). 


where 


Differentiating  Eq.  (2. 120)  with  respect  to  x*  Re* and  M,  we  get 


.«  ,  w  'W 


(2. 120) 


(2.121) 


50 


(2.122) 


whence 


J  (-•/:•*)  ->.V 

o  Kc*  v*j 


V  lie* 


O&P)  _  *>.v  *o  .2  .U  •  > 

J.U  ‘  **  x  *)'  a-.')  * 


(2.123) 


«•*'!»_  ,  rf  ttD 
J  Kc*  ’  <Ml' 


(2.124) 


Since  the  left-hand  side  of  Eq.  (2.124)  depends  only  on  Re* and  M*.  while  the  right-hand 
side  depends  only  on  x*and  M2/Re*  both  these  sides  should  be  functions  of  MJ/Re*  only. 
This  equation  thus  reduces  to  the  two  relationships 


A? 

JKc* 


-  :<* 


OH  . 


I- 


,U:  JO 

Kc*  JiuCKV)  : 


(2. 125) 

(2.126) 


where  gt  is  some  arbitrary  function. 

Eliminating  P,  ye  find  from  Eqs.  (2. 122) -(2. 124) 


0  »«♦  v»  .  . ...  .1  ,\fv*  -  .  2  lie*  AT* 

/,vC  A  J (Kc'.t*)  1  J(.UV)  V 


M 


C -l> 


(2.127) 


Since  the  left-hand  side  of  the  above  expression  depends  only  on  Re*x*,  while  its  right- 
hand  side  is  a  function  of  only  Re* and  M,  both  these  parts  should  be  functions  only  of 
M/Re*  whence 


o 


Rc*.v* 


ox  _ 

J(Rova*) 


,W.v* 


(jx 

J(.Vfx') 


2  Rc* 


_()>!>  , 
ORe*  ' 


.U 


c>r> 

oft 


e. 


(2.128) 

(2.129) 


where  gj  is  a  second  arbitrary  function. 

Equations  (2. 125)  and  (2. 129)  make  it  possible  to  express  function  <J»  in  terms  of  gj 
and  g2.  The  solution  for  <J>  has  the  form 

t  ’ 

'*»(R«\  '”)  G,(-g)  -«■  «.(£!-.).  (2.130) 


where 


G,  --  J  ff,-J -•</*; 


(2.131) 
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The  general  solutions  for  Eqs.  (2. 126)  ana  ’28)  »re  written  as 


•i «,( 

:»•  ) 

(2. 132) 

)  a, 

(2.133) 

It  follows  from  the  conditions 


“(£■')  » 


From  Eq.  (2. 120)  we  get 


t’i  {■')  (>>  (')■ 

Consequently,  functions  4>,  and  X  can  all  by  expressed  in  terms  of  G,  and  G2 


(2.134) 

(2. 135) 

(2. 136) 


As  in  ordinary  hydrodynamics,  functions  G(  and  Gj  can  be  represented  as 

C,  M  A  la  ’  I  (•): 

G.  (.)  ->A  1.1  ;  !  C  !  /■ .  (  •). 

Then  Eqs.  (2. 134)-(2. 136)  can  be  represented  in  the  form 

>•  i  c  I  ''(£’•)  1 


I  I';  if, (,;:>)!  f,(“). 


(2.137) 

(2.138) 

(2. 139) 


Constants  A  and  C  contained  In  Eqs.  (2. 137)-(2. 138)  can  be  taken  from  experimental 
data  obtained  without  a  magnetic  field. 


Since  function  FjlM/Re*)  is  not  contained  in  the  velocity  distortion  equations  and 
vanishes  when  M  =  0,  we  may  set 


0. 


We  find  the  following  expression  for  the  velocity  distribution  in  a  turbulent  MHD 

flow: 


"  * :  5.ii57 IgtRcV)  ;  6. IS!  |  v  ).  (2. 140) 

When  M  -*-0,  Eq.  (2. 140)  becomes  identical  with  the  logarithmic  velocity  distribution  of 
common  fluid  flow. 

Considering  the  fact  that,  according  to  Eq.  (2. 116),  the  friction  factor  is  known 
when  M  and  Re  are  given,  it  Is  convenient  to  express  Eq.  (2, 140)  in  the  form 


u! 

A  graphical  presentation  of  function  Ft(-^oc  *)  is  given  in  Fig.  32  (curve  1).  Curve  2  of 

this  figure  describes,  on  a  magnified  scale,  the  variation  of  this  function  for  the  argument 
range  of  0  to  0.05. 


Figure  33  shows  the  velocity  profiles  in  a  turbulent  MHD  flow  in  a  flat  channel, 
constructed  from  Eq.  (2. 141)  for  different  values  of  Re  at  M  =  100.  For  clarity  of  pre¬ 
sentation,  the  velocity  is  referred  to  its  maximum  value.  The  velocity  distribution 
shown  in  Fig.  33  by  a  dashed  line  is  thst  of  laminar  flow. 

Figure  34  shows  the  velocity  distributions  in  a  turbulent  MHD  flow  obtained  by  P.S. 
Lykoudis  (112)  for  mercury  flowing  in  a  channel  with  a  side  ratio  of  1:5.  The  measure¬ 
ments  were  made  in  the  plane  perpendicular  to  large  side  of  the  channel  and  parallel  to 
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Fig.  33.  Velocity  distribution  in  a  turbulent  flow 
of  a  conducting  fluid  in  a  flat  MHD  channel. 


Fig.  34.  Experimental  ve¬ 
locity  distributions  tn  the  flow 
of  mercu-y  in  an  MHD  channel. 


l\  m/ 


the  applied  magnetic  field,  with  Re  -  5.05*  10*.  The  distance  from  the  channel  wall,  in 
mm,  is  laid  off  on  the  abscissa. 

The  above  experimental  velocl*y  distributions  arc  tn  qualitative  agreement  with 
the  semiemptrlcal  theory  developed  by  L.P.  Harris  for  flow  in  fist  MHD  channels. 

The  distortion  of  the  velocity  distribution  In  turbulent  MHD  flow  with  change  in  the 
Hartmann  numbor  is  due  to  superposition  on  the  flow  of  induced  ponderomotlve  forces 
and  to  damping  of  turbulent  velocity  pulsations. 

The  magnetic  field  interferes  with  the  development  of  velocity  pulsations  in  planes 
perpendicular  to  the  field  (Fig.  28).  In  the  plane  parallel  to  the  magnetic  field,  the  only 
velocity  pulsation  reduction  Is  that  due  to  correlation  phenomena. 
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Figures  35  show  measured  distributions  of  root-mean-square  pulsations  of  longitudi¬ 
nal  and  transverse  Vv^  flow  velocities,  referred  to  maximum  velocity.  These  data 

wf 

were  obtained  at  the  Donets  Research  Institute  of  Ferrous  Metals  under  the  leadership 
of  I.  L.  Povkh  [113]  for  flow  of  307  aqueous  HjSC>4  in  an  open  trough  placed  in  the  gap  of 
an  electromagnet  (Re  =  50-  10s).  It  is  easy  to  see  that  the  turbulent  intensity  of  the  flow 
decreases  with  an  increase  in  M. 

Analysis  of  the  above  data  shows  that  the  magnetic  field  has  an  appreciable  effect  on 
the  flow  structure  of  conducting  fluids  in  channels. 


Fig.  35.  The  distribution  of  the  longitudi¬ 
nal  (a)  and  transverse  (b )  turbulent  intensity 
in  the  flow  of  an  electrolyte  as  a  function  of 
magnetic  field  strength. 
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7.  Effect  of  Transverse  Magnetic  Field  on  the 
Turbulent  Boundary  Layer 

We  now  consider  the  flow  of  conducting  fluid  past  a  flat  dielectric  plate  in  the 
presence  of  a  transverse  magnetic  field.  We  assume  that  the  boundary  layer  on  the 
plate  becomes  turbulent  starting  from  the  leading  edge  of  the  plate  (z  =  0). 

As  in  common  fluid  flow,  the  turbulent  boundary  layer  in  this  case  can  be  com¬ 
puted  from  the  momentum  equation  which  is  used  to  find  the  relationship  between  the 
momentum  loss  thickness  and  tangential  stresses  at  the  wall.  These  studies  were  per¬ 
formed  recently  by  Kruger  and  Sonju  f60l. 

Using  the  fact  that  fully  developed  MHD  channel  flows  have  developed  flow  cores, 
Eq.  (2. 140)  can  be  used  for  expressing  the  velocity  distribution  in  the  turbulent  bound¬ 
ary  layer  at  the  plate 


where 


is  the  tangential  stress  at  the  wall)  and  v  =  tjA* . 


(2. 142) 


At  the  edge  of  the  turbulent  boundary  layer  Eq.  (2. 142)  takes  the  form 


u 


(2. 143) 


The  above  expression  establishes  the  relationship  between  the  potential  flow  velocity  li 
and  the  boundary  layer  thickness  6 , 


ti¬ 


ng.  36.  Turbulent  MHD  boundary  layer  at 
a  flat  plate. 


The  integral  equation  of  momentum  for  the  boundary  layer  can  be  written  ss 


I  4 


<ip 

4 It 


(2.144) 
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In  the  case  at  hand  we  can  set 


%  «  -  -  '  -  -  •  (£,  !-  </#»>  (2. 145) 

Using  the  above  expression  and  substituting  into  It  the  momentum  loss  thickness  0 
and  the  displacement  thickness  <5  * 

M-:(«  ih  s-  f(> - 
0  0 

we  get  the  expression 

U*  1,-9  .  v*'  -,W“  VU.  (2.146) 

Uf  Q 

In  the  absence  of  a  magnetic  field  Eq.  (2. 146)  becomes  identical  with  the  momentum 
equation  for  a  two-dimensional  incompressible  boundary  layer  [252,  253]. 

The  system  of  equations  (2, 142),  (2. 143)  and  (2. 146)  can  be  solved  numerically. 
Having  done  this,  Kruger  and  Sonju  found  that  the  transverse  magnetic  field  may  have 
an  appreciable  effect  on  all  the  properties  of  tne  turbulent  boundary  layer. 

Figures  37  and  38  show  curves  of  the  relative  boundary  layer  thickness  d  =  6  U/V 
and  the  tangential  stress  at  the  wall  f  =  v**  as  a  function  of  the  dimensionless  longitudi¬ 
nal  coordinate  i  =  zUA  and  of  the  magnetic  field  parameter  7 )  «/J*  . 


If! 


Fig.  37.  Thickness  of 
turbulent  boundary  layer 
as  a  function  of  the  longi¬ 
tudinal  coordinate  for 
various  transverse  mag¬ 
netic  field  flux  densities. 


Fig.  38.  Tangential  stress 
at  the  wall  of  a  plate  in 
turbulent  flow  as  a  function 
of  the  longitudinal  coordinate 
and  of  Hie  flux  density  of  the 
transverse  magnetic  field. 
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Examining  the  curves  we  see  that,  at  a  given  £,  an  increase  in  the  field  flux 
density  reduces  the  boundary  layer  thickness  and  increases  the  tangential  stress  at 
the  wall. 

At  a  given  value  of  B  and  increasing  z,  the  boundary  layer  thickness  'ncreases  to 
its  asymptotic  value  (in  ordinary'  hydrodynamics  the  boundary  layer  thickness  increases 
beyond  bounds  with  increasing  2),  while  the  tangential  stress  at  the  wall  drops  off  (but 
also  tends  to  its  asymptotic  value). 


8.  Effect  of  Transverse  Mams 
*  ~  of  Cone 


lc  Field  on  Unsteady  Channel  Flow 
fting  fluids 


Let  us  consider  unsteady  laminar  flow  of  a  conducting  fluid  in  a  long  rectangular 
channel  in  the  presence  of  a  uniform  magnetic  field  B{  perpendicular  to  the  dielectric 
walls.  The  channel's  lateral  walls  will  be  regarded  as  conducting  electrodes  closed 
via  load  resistance  Rj  (Fig.  38).  it  is  also  assumed  that  a  »  b,  so  that  the  variation 

of  flow  variables  along  the  y  axis  can  be  neglected  by  comparison  with  their  changes 
along  the  x  axis.  Under  these  conditions,  Eqs.  (2.  l)-(2. 6)  reduce  to 
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(2.148) 


(2.149) 


(2. 150) 


Fig.  39.  Schematic  diagram  of 
an  MHD  generator  duct. 


The  general  solution  of  the  above  equations  at  arbitrary  magnetic  Reynolds  numbers 
is,  normally,  obtained  in  the  form  of  integrals  in  the  complex  plane;  it  is  difficult  to  eval¬ 
uate  for  cases  of  practical  interest  166-72,  74],  However,  when  «  1,  one  can  state 

this  problem  as  an  approximation  and  thus  obtain  a  solution  in  its  final  and  relatively 
simple  form.  We  shall  now  consider  the  problem  for  Rm  «  1  and  a  constant  pressure 

gradient. 
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Integrating  Eq.  (2. 14S)  and  then  dividing  through  by  UBq  we  get 


where  U  and  T  are  the  characteristic  velocity  of  the  conducting  fluid  and  the  character¬ 
istic  time. 

When  Rm  «  1  and  b/UT  $  1,  it  can  be  assumed  that  Ey  does  not  depend  on  x  and 

is  a  function  of  time  only.  Then  Eq.  (2. 147),  upon  substitution  of  Eq.  (2. 150)  and  use  of 
Ohm's  law  in  the  external  circuit,  reduces  to  the  following  integrodifferential  equation 
(761: 


dj  n  .  .  .  AIJv  5  f  , 

¥,p.|.V¥.l  t..rT  )  vdx 


(2.151) 


where 


addle  /?„•■=  —  •  is  tee  internal  elaptric  resistance  of  the  conducting  fluid  in  a  channel 
of  length  J? . 

The  boundary  conditions  for  Eq.  (2. 151)  are: 


v|  s  --  0. 


(2. 152) 


The  initial  conditions  shall  be  specified  in  the  following  form:  when  t  =  0 


v  (v.  0)  v0(x)  C4cli  - 
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where 


<V*~‘ 


,,  /a  th 

v  ih  2  '  L  ■  H  / 


Let  the  magnetic  field,  the  load  and  pressure  gradient  change  instantaneously  at 
the  initial  time  (t  =  0);  this  is  physically  justified  by  the  short  duration  of  electromag¬ 
netic  transient  processes  as  compared  with  the  MHD  transient  processes. 
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To  solve  this  problem,  we  represent  the  flow  velocity  in  the  form  [7GJ 


;•  •7(v,  i)  :  f  /  {')  it,  (2.154) 

0 

where  f(t)  is  an  arbitrary  time  function. 

Upon  substitution  of  Eq.  (2. 154),  Eq.  (2. 151)  breaks  down  into  two  equations 


,)*;/  M'v 
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(2.155) 
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The  boundary  and  initial  conditions  for  Eq.  (2.155)  are 


(2.156) 
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We  shall  seek  the  solution  of  Eq.  (2. 155)  in  the  form 


(2.157) 

(2.158) 


X  1 


(2.159) 


where  F(x)  corresponds  to  the  asymptotic  value  of  u. 


Substituting  Eq.  (2. 159)  into  Eq.  (2. 155),  we  get  three  ordinary  differential  equa¬ 
tions,  the  solutions  of  which  ai^  known  (257J: 
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The  solution  for  u 

can  be  written 

in  the  form 
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In  the  above  expression. 

or  and  B  are  related  bv 
n  n 

the  equation 
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From  boundary  conditions  u  and  from  tbs  fast  that  the  initial  velocity  distribution 
is  even,  we  get 

C*  =■•  /)*  0. 

Upon  substitution  of  Eqs.  (2. 154)  and  (2. 157),  tits  solution  for  v  takes  the  form 


Let  us  consider  certain  special  cases  of  this  solution.  Let  v  =  0  at  t  =  0.  In  this 
case,  C0  in  Eq.  (2. 168),  and  the  solution  denotes  acceleration  of  the  fluid  from  rest  to 

the  steady-state  value.  Here,  if  k  =0,  then  $n<  0,  and  Eq.  (2. 165)  reduces  to  the  form 


V  <  »',i'  * 

'  j  >  ,(  '«-•  i  >;,) 


(2.169) 


where  X  =  ir(2n  -  1).  We  note  that  Eq.  (2.169)  is  identical  with  the  solution  obtained 
n 

in  (67)  for  this  particular  case. 

When  t  —  oo,  Eq.  (2. 169)  becomes  Eq.  (2.40)  for  steady  flow.  When  M  —  0,  it 
reduces  to  the  form  which  holds  in  ordinary  hydrodynamics  [258] 


3v 


[.  (’.'A 

\i  i 


Xm\t 


V 


(2.170) 


For  zero  initial  conditions  and  k  =  1,  Eq.  (2. 165)  coincides  with  the  solution  pre¬ 
sented  in  [73],  For  zero  initial  conditions  and  an  arbitrary  k,  we  can  integrate  Eq. 

(2. 165)  over  the  channel  cross  section  and  refer  the  result  thus  obtained  to  the  asymp¬ 
totic  value  of  the  average  velocity;  we  then  get 


V 


u 

u. 


<\>M  <\\  .11  j 


>  1 


Cl.  1 


!V 


(2.171) 


This  expression  can  be  used  for  calculating  the  acceleration  times  of  a  conducting 
fluid  in  an  MHD  channel  under  specified  conditions.  Similar  expressions  are  obtained 
for  deceleration  modes  and  for  transitions  from  one  flow  mode  to  another. 


For  this  case,  the  viscous  friction  losses  in  the  channel  can  be  represented  as 


where 
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(2. 173) 


When  t  —  oo,  Eq.  (2. 173)  becomes  identical  to  the  previously  cited  Eq.  (2.48). 
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Fig.  40.  The  relative  velocity  or  a  con¬ 
ducting  fluid  in  a  flat  channel  as  a  function 
oft/0. 


Figure  40  shows  curves  of  U  *  U(t/0)  constructed  from  Eq.  (2. 171).  Curve  i  cor¬ 
responds  to  the  cr.se  M  =  0.  Curve  2  is  constructed  for  case  1,  Changes  in  the  load 
ratio  are  virtually  without  effect  on  the  curve  shape. 

The  same  figure  also  shows  data  obtained  by  analysis  of  experimental  oscillograms 
presented  in  (109)  and  referring  to  the  acceleration  of  mercury  in  an  MHD  channel  with 
a  side  ratio  of  1:10  at  k  »  1. 


Here  9  is  expressed  by 


.  i. 


It  follows  from  the  above  data  that  theoretical  calculations  are  in  satisfactory 
agreement  with  the  experimental  results. 
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The  curve  for  acceleration  of  the  conducting  fluid  in  a  flat  MHD  channel  in  the 
coordinate  plane  (U,  t/6)  holds  virtually  for  all  such  channels.  The  acceleration  time 
is  approximately  50.  This  shows  that,  at  a  constant  pressure  gradient,  the  transverse 
magnetic  field  reduces  the  duration  of  transient  processes. 

+  +  * 

In  this  chapter  we  have  analyzed  relatively  simple  magnetohydrodynarnlc  problems 
as  applied  to  channel  flow  of  conducting  fluids  and  flow  past  bodies. 

The  condition  JL  »  a  »  b,  assumed  in  examining  MHD  channel  flow,  is  not  always 
satisfied  under  real  conditions.  At  a  finite  ratio  of  channel  walls,  the  side  walls  affect 
the  structure  and  the  overall  flow  variables.  In  the  case  a  «  b,  the  flow  variables  are 
affected  by  the  conducting  electrodes.  In  addition,  in  real  MHD  channels,  as  a  result  of 
finite  length  of  the  poles  of  the  magnet,  the  magnetic  field  In  the  edge  regions  is  not 
uniform  in  the  longitudinal  direction. 

Solution  of  the  above  problems  with  consideration  of  finite  channel  size  and  of  the 
presence  of  conducting  electrodes  is  extremely  difficult  even  in  the  case  of  laminar  flow. 
Some  solutions  for  conditions  close  to  those  encountered  in  practice  are  presented  in  the 
references. 

However,  the  problems  considered  by  us  qualitatively  and  quantitatively  clarify  the 
MHD  effects  of  direct  applied  interest. 

The  electromagnetic  induction  phenomenon  in  conducting  liquids  is  used  in  various 
MHD  measuring  instruments  and  devices.  Due  to  the  quite  high  conductivity  of  these 
fluids  such  instruments  and  devices  are  relatively  simple. 

The  field  of  conductive  ponderomotive  electromagnetic  forces  conducting  liquids  is 
used  in  electromagnetic  pumps  and  MHD  engines.  Yne  ability  to  control  boundary  layers 
by  means  of  electric  and  magnetic  fields  can  be  used  for  reducing  vessel  drag  in  sea 
water. 


CHAPTER  3 

MAGNETOHYDRODYNAMIC  METERS 


Msgnetohydrodynamic  [MHD]  meters  In  use  or  of  prospective  use  In  marine  engi¬ 
neering  comprise  a  broad  range  of  instruments.  Tbe  principal  instruments  of  this  clan 
are  magnetic  flowmeters  and  sea-current  velocity  meters.  A  special  group  comprises 
instruments  used  for  measuring  density,  temperature  fheat],  chemical  reagents,  etc. 

A  separate  group  is  made  up  of  devices  for  studying  tbe  structure  of  flows  of  conducting 
fluids.  Each  of  these  groups  includes  a  large  number  of  instruments,  which  differ  from 
one  another  by  the  kind  of  power  used,  design  execution  and  measuring  principles,  fre¬ 
quently  determined  by  the  physical  properties  of  the  conducting  fluids. 

Due  to  the  limited  scope  of  this  book,  we  cannot  consider  all  MHD  instruments. 
Hence  we  shall  consider  only  those  which  are  of  greatest  practical  interest. 


1.  Operation  and  General  Description  of  Magnetic  Flowmeters 

The  MHD  method  of  measuring  flow  velocity  is  based  on  the  electromagnetic  induc¬ 
tion  phenomenon.  As  specified  by  the  law  of  electromagnetic  induction,  whenever  any 
medium  movea  relative  to  e  magnetic  field,  an  amf  proportional  to  the  flow  velocity  and 
independent  of  the  physical  properties  of  the  medium  ia  induoed  in  the  letter. 

When  a  fluid  moves  in  an  MHD  channel  equipped  with  electrodes,  the  «mf  Induoed 
in  the  flow  results  in  the  appearance  on  electrodes  of  a  potential  differs  nos  the  magnitude 
of  which  ta  indicative  of  the  flow  velocity.  The  conductivity  of  the  fluid  governs  several 
effects  which  determine  whether  this  method  la  of  practical  use. 

Because  of  the  finite  length  of  the  longitudinal  magnetic  field,  the  electric  currents 
circulating  in  the  conducting  fluid  form  dosed  loops  at  the  end  icnes,  end  the  fluid  thus 
exerts  e  ponds romotive  force  on  the  external  magnetic  system;  the  magnitude  of  this  force 
can  also  be  used  for  ladlaetlac  the  flow  velocity. 

A  third  effect  which  can  be  used  for  designing  magnetic  flowmeters  <•  the  fact  that  a 
magnetic  field  in  which  a  conducting  fluid  moves  !e  attenuated  by  the  field  of  the  induced 
currents.  The  magnitude  of  this  attenuation  of  the  external  magnetic  field  can  be  uaed  to 
characterise  the  flow  velocity  of  the  conducting  fluid. 


65 


X 


Corresponding  to  the  above  effects,  one  distinguishes  the  following  types  of  mag¬ 
netic  flowmeters: 

1)  conduction  type,  which  measure  the  potential  difference  on  electrodes,  pro¬ 
duced  by  the  emf  induced  in  the  flow; 

2)  ponderomotivo  [force]  type,  based  or.  the  direct  measurement  of  the  force  of 
interaction  between  the  currents  Induced  in  the  fluid  and  the  applied  magnetic  field; 

3)  induction  type,  based  on  measuring  the  magnetic  field  of  induced  currents. 

The  schematics  of  these  flowmeters  are  shown  in  Figs.  41,  42  and  43. 


Fig.  41.  Conduction-type  magnetic  flowmeters: 

a)  With  a  rectangular  duct  and  point  electrodes;  b) 
with  a  rectangular  duct  and  continuous  electrodes;  c) 
with  a  circular  duct  and  point  electrodes. 


The  conduction-type  magnetic  flowmeter,  shown  in  Fig.  41,  consists  of  rectangu¬ 
lar  or  circular  duct  1  made  from  nonmagnetic  material,  with  conducting  electrodes  2 
installed  in  it.  The  flowmeter  duet  is  placed  in  the  gap  of  a  permanent  magnet  3  or  a 
DC  or  AC  electromagnet.  An  instrument  measuring  the  potential  difference  produced 
by  the  flow  of  the  conducting  fluid  in  the  duct  is  connected  across  the  electrodes. 

A  rotary  force  flowmeter  is  shown  in  Fig.  42.  The  instrument  uses  a  magnet 
assembly  which  moves  at  the  same  speed  as  the  fluid. 


Fig.  42.  Schematic  of  a  rotary  force  [pon- 
deromotive]  magnetic  flowmeter. 


The  fluid  flows  through  pipe  1  placed  between  two  disks  2  fastened  on  a  common 
shaft.  Four  pairs  of  permanent  magnets  3  are  fastened  on  the  disks  at  points  equidistant 
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from  the  shaft.  The  electromagnetic  forces  applied  to  magnets  by  the  fluid  passing  through 
the  pipe  force  the  disks  to  rotate.  The  velocity  or  mass  flow  rate  of  the  fluid  is  measured 
on  the  basis  of  the  angular  velocity  of  this  rotation. 

The  force  with  which  the  flow  acts  on  the  magnets  depends  on  the  conductivity  of  tee 
fluid,  which  should  be  sufficient  in  order  to  overcome  the  friction  in  tee  shafts  of  the  in¬ 
strument ,  Since  the  rotational  inertia  of  the  instrument  is  relatively  high,  it  is  insensi¬ 
tive  to  rapid  velocity  changes,  i.e. ,  its  dynamic  response  is  quite  low. 
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Fig.  43.  Schematic  of  an  induction-type 
magnetic  flowmeter. 


An  induction-type  magnetic  flowmeter  is  shown  in  Fig.  43.  In  the  gap  of  i*n  AC 
electromagnet  1,  near  the  pipe,  are  plaoed  two  identical  measuring  coils  2,  connected 
to  a  voltmeter.  The  coils  are  connected  In  opposition  so  that  the  emfs  induced  in  them 
by  the  magnetic  field  of  the  main  electromagnet  cancel  each  ether.  The  magnetic  fields 
of  the  currents  induced  in  the  conducting  fluid  have  different  directions  at  the  instrument's 
inlet  and  outlet,  so  that  the  emfs  produced  in  the  measuring  coils  by  these  fields  add  up. 

The  most  extensively  used  magnetic  flowmeter  is  the  conduction  type,  although  in 
certain  special  cases  preference  is  given  to  induction  or  force  flowmeters. 

Magnetic  flowmeters  have  a  number  of  substantial  advantages  over  other  flow¬ 
meters. 

The  magnetic  flowmeters  now  produced  serially  for  industrial  use  are  of  the  0.  $- 1 
socurscy  classes.  Magnetic  flowmeters  of  the  0. 25  accuracy  elate  are  under  develop¬ 
ment  (147.  153). 

Due  to  linearity  of  their  characteristics  and  the  use  of  multi-range  meters,  mag¬ 
netic  flowmeters  have  a  wide  operations  range,  appreciably  exceeding  that  of  other  types 
of  flowmeters. 
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Conduction  and  induction-type  magnetic  flowmeters  haw  no  rotating  parts,  pack 
ing  glands,  seals,  etc,,  t.e.,  they  are  fully  sealed.  These  flowmeters  exhibit  good 
dynamic  response  which  makes  them  useful  for  measuring  unsteady  flows. 


Fig.  44.  Response-time  curves  of  various  types 
of  flowmeters. 

1)  Vane;  2)  ionization;  3)  gyroscopic;  4)  flowmeters 
with  Coriolis  acceleration;  3)  external-flow  flow¬ 
meters;  6)  thermoanemomctric;  7)  ultrasonic;  8) 
magnetic  flowmeters  with  AC  magnets;  9)  magnetic 
flowmeters  with  DC  or  permanent  magnets. 


Figure  44  shows  curves  of  G  -  f(t)Q.  which  characterize  the  response  time  of 
flowmeters  or.  sudden  change  in  flowrate  from  Qt  to  Q::  these  curves  show  that  magnetic 
flowmeters  exhibit  high  dynamic  response. 

Because  MHD  effects  in  a  certain  range  of  M  and  He  reduce  the  flow  friction  fac¬ 
tor.  magnetic  fiowmcterc  for  liquid  metals  can  be  so  designed  that  they  will  not  intro¬ 
duce  additionCPflcw  resistance  in  the  circulation  loop. 

A  particularly  valuable  aspect  of  magnetic  flowmeters  is  the  fa-4  that  they  can  be 
used  with  corrosive  media  and  radioactive  liquid  metals. 

Among  shortcomings  erf  flowmeters  used  with  liquids  with  Ionic  conductivities  are 
their  dependence  on  a  number  of  factors  produced  by  electrochemical  processes  (in  a 
constant  magnetic  field)  and  various  luCerferenoew  (in  an  alterr sting  magnetic  fi*>W). 
However,  means  are  available  for  combating  these  interferences. 

We  shall  limit  ourselves  to  discussion  of  conduction-type  flowmeters,  which  are 
simple  and  the  most  widely  used  in  various  branches  of  technology. 


2.  Theory  of  DC  Conduction-Type  Magnetic  Flowmeters 
Magnetic  Flowmeters  with  Rectangular  Duct  and  Point  electrodes 

Consider  the  flow  of  a  conducting  fluid  in  the  rectangular  duct  of  a  conduction-type 
flowmeter  with  point  electrodes  depicted  in  Tig.  41a.  We  shall  assume  that  the  duct  is 
sufficiently  long  so  that  we  can  neglect  edge  effects  and  regard  the  applied  magnetic  field 
as  uniform. 


Since  di vj  =  0,  which  follows  t  ->m  Eq.  (2.3),  using  Ohm's  law  in  its  differential 
form  (2. 6)  we  get  the  following  equation  relating  the  electric  potential,  flow  velocity  and 
applied  magnetic  field 


Vy  -liivtvxZ/).  (3.1) 

Equation  (3. 1)  is  the  basic  equation  for  magnetic  flowmeters  and  allows,  given  a 
velocity  distribution  rod  the  magnetic  flux  density,  to  find  the  distribution  of  the  electric 
potentlrl  ip. 

Expanding  dlv  [c  x  B),  Eq.  (S.  1)  can  be  rewritten  in  the  form 


A«p  .?curl  J  —  y  curl  B.  (3. 2) 

Since  it  is  assumed  that  the  magnetic  field  is  uniform,  we  can  assume  in  Eq.  (3. 2) 
v  curl  B  -  0,  whereupon  it  reduces  to 
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(3.3) 


It  is  assumed  that  the  walls  are  insulators.  Then  the  boundary  conditions  for  the 
electric  potential  are 


&L-*  (3-4) 

Equation  (3. 3)  is  the  Poisson  equation,  while  the  problem  itself  corresponds  to 
Neumann’s  second  boundary-value  problem  [2591, 

The  solution  of  Eq.  (3. 3)  with  boundary  conditions  (3. 4)  can  be  sought  in  the  form 

[HI] 

J3  «?«{*)  s  mty.  (3.5) 

*  -5*| 

where  b  and  y-! 

Substituting  Eq.  (3.5)  into  Eq.  (3.3),  we  get 


(3.  6) 


The  flow  of  the  conducting  fluid  in  the  duct  may  be  either  laminar  or  turbulent. 

Since  no  relationship  for  the  velocity  distribution  of  turbulent  flow  in  rectangular  channels 
with  arbitrary  ratio  of  sides  is  available,  we  can,  following  S,  A.  Itegirer  [154],  specify 
the  velocity  distribution  ib 


v(x. 


U) 


“  vtNtXt 


chJV,-chtf* 
.V,rh  .V,  sli  A’, 


cli  A’,  cl!.V,-o- 

,Y,  •  sti  (V,  * 


(3.7) 


69 


where  v0  is  the  mean  flow  velocity.  Nj  and  N->  are  dimensionless  parameters,  which 
characterize  the  degree  of  filling  of  the  velocity  distribution.  When  Nj  —  0  and  N2  —  0, 
a  parabolic  distribution  is  obtained  from  Eq.  (3.  7),  while  when  Ni  =  N2  —  oo,  a  uniform 
(flat)  velocity  distribution  (plug  flow)  is  obtained. 

Expanding  function  (3. 7)  into  a  Fourier  series  with  consideration  of  Eq.  (3.  6), 

we  get 


where 
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The  general  solution  of  Eq.  (3.8)  can  be  written  in  the  form 
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Here  the  constants  of  integration  are  determined  from  the  condition  <p'n 
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after  which  Eq.  (3.  5)  can  be  represented  in  the  form 


j 


(3.10) 


The  potential  difference  at  two  point  electrodes  (x  =  0,  y  =ia/2)  is  determined  by  the 
expression 
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where 


w  /v  u  \i  \  ... _  ,y, 

l\r.  "1.  n-  (.v,  ill  ,V,  >!iA’,)(.V.cli  yt— iir.VJ  * 


Cl  l 


**  ,vi  .  11 


(3. 12) 


In  Eq.  (3. 11),  function^  (  y,  Nt,  Nj)  characterizes  the  effect  of  the  velocity  field 
in  the  plane  of  the  point  electrodes  on  their  potential  difference. 

Examination  of  Eq.  (3. 12)  shows  that  for  given  values  of  Nt  and  N2  and  for  a  vari¬ 
ation  in  geometric  parameter  from  0  (flat  channel)  to  1.57  (square  cross  section),  the 
effect  of  the  velocity  field  on  the  potential  difference  between  point  electrodes  is  particu¬ 
larly  strongly  manifested  In  square  channels.  Here,  for  y  =  0,  ♦  =  1,  which  shows  that 
the  readings  of  magnetic  flowmeters  with  flat  ducts  and  point  electrodes  do  not  depend  on 
the  velocity  distribution  in  the  conducting  fluid. 

In  the  case  of  M<  1,  the  magnetic  field  does  not  appreciably  affect  the  velocity 
distribution  in  the  lluid,  i.e. ,  MHD  effects  of  the  first  kind  may  be  neglected.  In  this 
case,  the  parameter  N  will  characterize  tne  effect  of  the  Reynolds  number  on  the  mag¬ 
netic  flowmeter  readings  in  turbulent  flew  of  the  conducting  fluid.  Here,  MHD  effects 
of  the  second  kind  take  place. 

Let  us  examine  these  effects  in  a  magnetic  flowmeter  with  a  square  duct.  The 
velocity  distribution  in  this  case  can  be  assumed  symmetrical  relative  to  the  two  coordi¬ 
nate  axes,  i.e. ,  we  can  set  Nj  =  N2  =  N.  Analysis  of  Eq.  (3. 12)  shows  that  for  a  square 
duct  in  which  N  varies  from  zero  (laminar  flow)  to  infinity,  function  varies  from  1. 12 
to  1.  The  results  of  calculations  for  this  case  are  presented  in  Fig.  45. 
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Fig.  45.  Curves  of  ^ |  and  4*2  as  a 
function  of  parameter  N  and  Hartmann 
number  for  a  square  duct  with  point 
electrodes. 
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It  is  interesting  that  when  the  Boussinesq  solution  [260]  is  used  for  v(x,  y),  func¬ 
tion  'jrj  is  equal  to  1. 105,  which  shows  that  Eq.  (3. 7)  satisfactorily  describes  the  sym¬ 
metric  velocity  distribution  in  a  square  duct. 

When  M  >  1,  the  velocity  distribution  becomes  unsymmetrical  relative  to  the  two 
coordinate  axes  due  to  the  appearance  of  MHD  effects  of  the  first  kind,  hi  this  case  in 
Eq.  (3. 12)  for  a  square  duct  N$  /  N2.  Specifying  different  values  of  Nj  and  Nj,  we  can 
clarify  the  effect  of  an  asymmetric  velocity  distribution  on  the  potential  difference  be¬ 
tween  point  electrodes.  However,  it  is  better  to  use  for  this  purpose  the  exact  solution 
of  D.  A.  Shercltff  [13],  Here  get  the  following  expression  for  the  potential  difference 
at  point  electrodes  [111] 

/:  A (.’.I):  (3.13) 


where 
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(3. 14) 
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The  results  obtained  using  Eq.  (3. 14)  are  shown  in  Fig.  45,  which  also  shows 
data  obtained  with  laminar  mercury  flow  in  a  square  duct  of  a  magnetic  flowmeter  with 
point  electrodes.  The  two  sets  of  data  are  in  satisfactory  agreement. 

Examining  Eq.  (3. 14),  we  see  that  when  M  goes  from  zero  to  infinity,  the  function 
*2  changes  from  1. 105  to  1,  and  this  is  what  describes  the  effect  of  the  magnetic  field  on 
the  potential  difference  between  point  electrodos  in  laminar  flow. 

In  turbulent  flow,  the  velocity  distribution  as  a  function  of  M*/Re  will  be  inter¬ 
mediate  between  the  velocity  distribution  for  laminar  MHD  flow  and  the  velocity  distri¬ 
bution  for  ordinary  turbulent  flow  with  a  given  Re.  In  any  case,  it  can  be  stated  that 
the  value  of  function*  will  here  lie  within  the  above  established  limits. 
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The  dependence  of  the  potential  difference  at  electrodes  on  a  magnetic  flowmeter 
on  the  velocity  distribution  can  be  eliminated  by  replacing  the  point  electrodes  by  con¬ 
tinuous  lateral  electrodes,  which  average  the  eloctrtc  field. 


Magnetic  Flowmeters  with  Rectangular  Ducts  and  Continuous  Electrodes 

We  shall  now  consider  the  problem  of  flow  of  a  conducting  fluid  in  a  rectangular 
channel,  two  sides  of  which,  x  =  ±b/2,  have  an  arbitrary  conductivity,  while  two  others, 
y  =  ±,a/2,  are  Ideally  conducting  electrodes  (Fig.  41b).  The  magnetic  field  will,  as  be¬ 
fore,  be  treated  as  uniform. 

In  this  case,  the  system  of  initial  equations  is 


A<?  Arpc  -  s  0; 

y  =■  ±  -y ;  f  -■  ±  <P»;  Tc  ±  <p»; 
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d<f  .  3<Tc  .  _  „  *Tc  . 

~oV  "  ~0y  •  dx  '  « ~  dx  • 

,  ~  A  .  _  O- 

*  *"  i  •  dx  -  u< 


(3.15) 
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(3. 15) 


where  the  subscript  "w”  applies  to  horizontal  walls,  each  of  which  is  (bw  -  b )/J  thick. 

The  velocity  distribution  in  the  duct  can  be  assumed  that  given  by  Eq.  (3.7). 

Integrating  the  yth  component  of  the  current  density  over  the  entire  duct  cross  sec¬ 
tion  (including  the  walls),  and  using  the  boundary  conditions,  we  can  obtain  the  following 
expression  for  the  potential  difference  at  the  electrodes  of  the  magnetic  flowmeter  {154]: 


,V  <Ti  ■ ;  «\Aa 


l'0(i  oi 


V,/?0  lift,. 


(3.17) 


It  follows  from  Eq.  (3. 17)  that  in  this  case  the  potential  difference  at  the  side  walls 
does  not  depend  on  the  velocity  distribution,  but  that  the  flowmeter  sensittvtty  decreases 
due  to  conduction  of  the  horizontal  walls.  When  crw  »  a  and  with  appreciably  thick  hori¬ 
zontal  walls,  the  flowmeter  sensitivity  will  be  very  low. 

If  the  top  and  bottom  walls  of  the  flowmeter  are  thin,  so  that  we  may  assume 
bw  -  b  *  0,  or  if  they  are  made  from  a  dielectric  material  (erw  -  0)  then 

9,-9,  -  (3. 18) 
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Fig.  46.  Experimental  characteristics  of  a 
conduction-type  DC  magnetic  flowmeter  with  a 
rectangular  duct  and  continuous  lateral  (side) 
electrodes. 

1)  Laminar  flow,  2)  Turbulent  flow. 


Figure  46  shows  experimental  data  , ,  ft  ■  f  ( O  for  a  magnetic  flowmeter  with 
a  square  duct,  whose  walls  x  -  a  b/2  are  isolating,  while  the  two  othors  y  -  a  a,^5  are 
metal  electrodes.  The  data  were  obtained  for  mercury  and  various  Bq  -  const.  The 
dashed  line  on  the  figure  separates  data  for  laminar  and  turbulent  flow.  It  is  easy  to 
see  that  the  relationships  v»  /  (.•■■)  for  B0  =  const,  are  linear,  which  shows 

that  the  readings  of  this  magnetic  flowmeter  are  independent  of  the  velocity  distribution. 

Magnetic  Flowmeters  with  Circular  Ducts  and  Point  Electrodes 

Consider  the  flow  of  a  conducting  fluid  in  a  circular  duct  of  a  magnetic  flowmeter 
(Fig.  41c).  Assume  that  the  walls  are  made  from  insulating  material,  and  that  the  mag¬ 
netic  field  is  uniform. 


The  electric  potential  equation  to  be  solved  is,  as  before, 

a,  ...  r> 


The  boundary  conditions  for  the  electric  potential  are 


*\  |  0, 
•  1 


(3. 19) 


(3.20) 


where  n  Is  the  normal  to  contour  S. 
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For  an  arbitrary  velocity  distribution  and  boundary  conditions  (3.20),  the  solution 
of  Eq.  (3. 19)  is  {146] 


*?t — ?* -=  !«• 


(3.21) 


where  Im  denotes  the  imaginary  part,  while  £  and  n  are  Cartesian  coordinates  referred 
to  the  (X,  y)  plane: 


•*  «  x  -!•  itf.  x  !  \  -!  h»:  X  « l  —  in¬ 
setting  z  -  ±ia  to  Eq.  (3.21),  we  get  the  following  expression  for  the  sensitivity 
of  tbe  meter: 
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The  function  Wfx,  y)  reflects  the  weighted  contribution  of  flow  in  various  points  of 
the  cross  section  to  die  potential  difference  at  the  point  electrodes,  and  has  the  form 
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(3.23) 


Figure  47  shows  the  contours  of  W  =  const.  The  smallest  value  of  W  in  the  duct  is 
0. 5.  Near  electrodes  ±  <p  the  value  of  W  increases  without  bounds. 


Fig.  4?.  Inclines  of  weighted 
function  W. 


Previous  studies  of  Kolin  f  140)  showed  that  for  an  axUymmetrtcal  velocity  distribu¬ 
tion  in  the  duct  of  this  flowmeter,  the  potential  difference  at  the  point  electrodes  does  not 
depend  on  the  flow  conditions. 


P.  Gold,  considering  this  problem  for  laminar  flow  of  the  conducting  fluid  and 
arbitrary  M,  established  (150]  that  when  M  >  1,  a  velocity  distribution  asymmetrical 
relative  to  the  axis  has  an  appreciable  effect  on  the  readings  of  the  magnetic  flowmeter. 
In  particular,  when  the  Hartmann  number  increases  from  very  low  values,  when  the 
flow  may  be  regarded  as  axisymmetrical,  to  infinity,  the  sensitivity  of  this  flowmeter 
drops  from  1  to  0. 925  (Fig.  48). 


Fig.  48.  Factor  ♦  as  a  function  of  the  Hartmann 
number  for  a  circular  duct  with  point  electrodes. 


Figure  49  shows  experimental  data  for  a  magnetic  flowmeter  with  a  circular  chan¬ 
nel  12.7  mm  in  diameter,  isolating  walla  and  side-mounted  point  electrodes.  The  data 
were  obtained  by  Shercliff  for  mercury  (30].  The  dashed  lines  in  the  figure  are  for  the 
case  of  *  -  1  (axisymmetric  flow). 


Fig.  49.  Experimental  characteristics  of  a  con¬ 
duction-type  DC  magnetic  flowmeter  with  a  circu¬ 
lar  channel  and  point  electrodes. 

Curves  1  and  2  are  for  Inaide  scales:  cunea  3 
and  4  are  for  outside  scales;  here  curves  1  and  3 
correspond  to  the  left  «cales,  while  curves  2  and 
4  are  for  the  right  scales. 
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It  follows  from  these  date  that  the  characteristics  of  this  type  of  flowmeter  depend 
on  the  flow  conditions  in  the  liquid  metal  and  are  nonlinear. 

Shercllff,  in  analyzing  Eq.  (3.22),  showed  (146)  that  under  certain  conditions  the 
sensitivity  of  a  magnetic  flowmeter  with  a  circular  duct  and  point  electrodes  may  be 
appreciably  below  0. 925.  He  has  slao  established  the  effect  of  conducting  channel  walls. 

Because  of  the  shunting  effect  of  the  conducting  duct  walls,  the  flowmeter  sensitiv¬ 
ity  drope.  The  correction  factor  for  the  a  hunt!  eg  effect  in  axisym  metrical  flow  la  (147) 
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where  d  and  D  are  the  inside  and  outside  diameters  of  foe  flowmeter  duct. 

Influence  of  Longitudinal  Edge  Effects  on  the 
Sensitivity  of  Magnetic  Flowmeters 

Readings  of  magnetic  flowmeters  can  he  appreciably  affected  by  end  effects  due  to 
foe  finite  length  of  foe  meter.  Theoretically,  these  effects  can  be  established  only  upon 
assuming  In  viscid  flow  of  conducting  fluid  in  the  flowmeter  duct. 

Let  us  examine  foe  h> viscid  flow  of  s  conducting  fluid  In  a  flat  vertical  channel 
(b  —  ao)  with  electrodes  of  len£h./  connected  via  foe  load  resistance  Rg.  Let  the  duct 
walls  (up-  and  downstream  of  foe  electrodes)  be  isolating,  and  let  foe  vector  of  the  ex¬ 
ternal  magnetic  field  depend  only  on  foe  a  coordinate. 

When  «  1,  the  induced  magnetic  field  caa  be  neglected,  and  the  induced  current 
density  distribution  and  the  electric  potential  'letributlon  caa  be  found  trpm  the  equations 

dlvy-0;  ^  (3.25) 

e|_V*  +  loxEI].  (3. 26) 

Here,  vector  D  is  assumed  ghee. 

From  Eqa.  (3.  >5)  and  (3.26)  we  get 

Af-ft  /**-•{-■£ •1-eflWj. 

Since  Bis)  — 0  when  s  —  oo 
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the  boundary  oonfotione  can  be  written  as  follows: 
at  foa  electrodes 


(3.27) 
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at  tiie  insulators 


The  electrode  potential  la  obtained  from  Ohm's  lav  for  the  external  circuit 


(3.31) 


Since  function  «?(af  y)  satisfies  the  Laplace  equation,  we  can  introduce  the  ana¬ 
lytic  function 
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Here,  we  base  the  following  boundary  conditions  for  fto: 
u  •  0  at  the  electrodes;  w  =  -vB(x)  at  the  Insulators; 
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Function  Bis)  is  even;  hence,  because  of  the  symmetry  of  conditions,  we  need  only  con¬ 
sider  the  right-hand  half  of  the  channel. 

This  bounds ry-value  problem  was  solved  by  A.  B.  Vataxhtn  {145}  by  conformal 
mapping  of  the  half-band 


<>«.  ;<*<; 

onto  the  upper  half  plane,  uMng  the  KeMyah-Sedcw  formula.  Here  the  following  expres¬ 
sion  was  obtained  for  the  electric  potential 
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K(k)  la  a  total  elliptical  integral  of  the  first  kind;  and  it  ( z/2,  h,  k)  is  a  total  elliptical 
Integral  of  the  third  kind. 

Examining  the  above  expressions,  we  see  that  when  0. 5  s  1/fc,  a*  can  be  expressed 


U-  .  0,44  | 


(3.35) 


When  the  electrode  length  exceeds  that  of  the  duct,  function  S  can  be  approximated  by 
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where  a  ..  I  |  2  ' 

Analysis  of  ejqiert mental  data  shows  that  the  magnetic  field  distribution  beyond  the 
electrode  edge  oan,  in  fsceral,  be  expressed  10 


l  a,,  -KV  .|)J)).  <»•»» 

where  By  is  the  uniform  magnetic  flux  density  in  the  electrode  zone:  6  is  the  gap  between 
magnet  pole#;  A,.  At,  o,  and  a*  are  coefficients  which  depend  on  the  design  parameter* 

of  tbs  magnet. 

Upon  substitution  of  Eqs.  (3.36)  and  (3.37),  the  Integral  is  Eq.  (3.34)  can  be  re- 
dnoed  to  the  form 
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(3.38) 
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In  turn,  the  integral  contained  in  Eq.  (3.38)  can  be  expressed  by  a  /3 -function 

jY-’fV  -O,;,  l)i  (3.3?) 
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When  the  characteristic  parameter  lies  within  the  limits 
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The  above  series  is  approximated,  with  high  accuracy,  by  the  formula 
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Finally,  we  have 
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and  the  expression  for  the  electric  potential  assuming  finite  dimension  of  b  is  reduced 
to  the  form 
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When  —  a>,  Eq.  (3.43)  takes  the  form 

Ti  --  Ti 


while  when  a/i  *  m.  It  becomes  the  previously  derived  Eq.  (3. 18). 


(3.44) 


(3.45) 


Examining  Eq,  (3. 44)  we  see  that  when  the  magnetic  Reid  beyond  the  electrode 
edges  drops  off  slowly,  the  edge  effects  on  the  magnetic  flowmeter  readings  can  be 
neglected  if  tfa.  a  5. 

Figure  50  shows  curves  *  k*  =  fj  C/A)  for  a  slowly  attenuated  magnetic  field  beyond 
the  electrode  edge  (curve  1)  a*.d  for  an  abruptly  changing  Reid  (carve  3). 


Fig.  50.  Curves  of  k*  as  a 
function  of  /A. 


Wect  of  Temperature  on  the  Sensitivity  of  Magnetic  Flowmeters 

Readings  of  magnetic  flowmeters  can  be  affected  by  changes  in  tho  temperature  of 
the  oonducMng  fluid,  Hds  pertains  particularly  to  magnetic  flowmeters  for  liquid  metals, 
whose  temperatures  can  he  quite  high. 

As  follows  from  Eqs.  (3. 17)  and  (3. 24),  the  temperature  variations  will  affect  the 
ratio  or henoe  the  conductivity  of  the  wall  material  should  be  matched  to  the  conduc¬ 
tivity  of  the  fluid. 

Temperature  variations  may  vary  somewhat  the  air  gap  of  the  electromagnet  and 
the  magnetic  flux  density. 
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Fig.  51.  C-shaped  magnet 
assembly. 

The  magnetic  field  in  liquid  metal  flowmeters  is  frequently  induced  by  permanent 
magnets  made  from  Aloico,  Magnteo  and  other  alloys.  In  this  case  the  correction  fac¬ 
tor,  taking  irsto  account  the  temperature  effect  or.  the  readings!,  can  be  written  as  [148] 

v  _  i  :\) 

I  «,{(*< ■■*';)  \if»  '«)  ’  (3*46) 

where  6  1b  the  air  gap  of  the  C- shaped  magnet  (Fig..  51);  is  the  temperature  ex¬ 
pansion  coefficient  of  the  yoke;  T  is  the  average  temperature  of  the  yoke;  T  is  the 

Y  -  SJJ, 

average  temperature  of  cne  magnet  leg,  and  is  the  average  tempers  to  reof  one  pole. 

If  the  magnets  are  net  thermally  stabilized  by  being  subjected  to  several  beating- 
cooling  cycles,  then  for  theMagrico  alloy  at  temperatures  below  =  500  T, 

.«  =  (2, 6-2, 8).  lO^'CT1. 

in. 

In  practice,  when  the  pipe  temperature  is  below  400*0,  the  magnet  is  cot  appreci¬ 
ably  heated,  and  ks  *  1. 


Generalized  Description  of  Magnetic  Flowmeter  Readings 

In  accordance  with  the  above,  the  potential  difference  at  electrodes  of  magnetic 
flowmeters  can.  In  the  general  case,  be  represented  by 

-r,  —  ;  1  cvVI'Vr,*,.  (3. 47) 

In  expressions  for  the  potential  difference,  which  are  given  tn  handbooks  and  in 
some  other  references  (148,  158,  261],  factor  *  is  taken  as  unity.  However,  our  pre¬ 
vious  analysis  shows  that  this  is  not  always  the  case. 

Cur  previous  discussion  also  makes  it  possible  to  present  recommendations  on  the 
application  of  various  conduction-type  flowmeters. 
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For  fluids  with  tonic  conductivity  (electrolytes,  sea  water),  one  should  use  mag¬ 
netic  flowmeters  with  circular  ducts  and  side  electrodes.  For  precise  flew  measure¬ 
ment  of  liquid  metals,  one  should  use  magnetic  flowmeters  with  rectangular  ducts  and 
continuous  side  electrodes.  When  the  magnetic  field  is  produced  by  air-gap  magnets, 
flowmeters  with  flat  ducts  and  point  electrodes  are  used  to  reduce  gap  resistance. 

If  the  flow  of  liquid  metal  is  to  be  measured  with  an  accuracy  of  several  percents, 
then  flowmeters  with  circular  ducts  and  point  electrodes  can  be  used. 

In  selecting  magnetic  flowmeters,  consideration  must  also  be  given  to  several 
additional  factors  due  to  near-electrode  processes. 


3.  Effect  of  Near-Electrode  Processes  on  the 
Headings  of  Magnetic  Flowmeters 

Complex  electrochemical  processes  take  place  at  the  electrode-fluid  interface  of 
conduction-type  magnetic  flowmeters  in  flow  of  liquids  with  ionic  conductivities.  The 
electrostatic  forces  produce  electric  charges  in  the  thin  liquid  layers  adjacent  to  the 
electrodes;  these,  together  with  the  electrode  surface,  form  a  double  electric  layer. 

Tbs  electrode  surface  in  this  case  acts  similarly  to  a  charged  capacitor. 

The  appearance  of  this  double  layer  produces  a  potential  difference  between  the 
electrode  atd  the  liquid;  its  magnitude  depends  on  the  electrode  material,  chemical  com¬ 
position  of  the  liquid  and  other  factors,  and  amounts  to  0. 5-0. 7  V.  Usually  the  electrodes 
are  made  from  the  same  material,  hence  the  potential  drop  between  them  and  the  liquid 
should  be  opposite  in  sign  and  should  cancel  out.  However,  due  to  a  certain  chemical 
inhomogeueity  of  the  electrodes,  deformation  of  their  surface,  as  well  as  oxide  films, 
the  potential  difference  between  the  electrodes  may  be  as  h$gh  as  a  fuw  tens  of  millivolts 
and  exceed  the  magnitude  of  the  measured  signal.  The  magnetic  flowmeter  is  thus  a  kind 
of  galvanic  cell,  the  emf  of  which  depends  on  the  fluid  concentration,  temperature  and 
pressure,  and  varies  with  time. 

When  the  liquid  flows  past  the  electrode,  this  double  electric  layer  is  partially  de¬ 
tached  by  the  flow,  which  results  in  voltage  fluctuation  in  the  measuring  circuit.  As  a 
result  of  electrolysis,  gas  is  liberated  at  the  electrodes,  which  also  increases  the  in¬ 
stability  of  electrode  potentials. 

71)8  rate  of  ion  neutralization  at  the  electrodes  is  limited,  so  that  when  a  current 
flows,  the  concentration  of  ions  of  opposite  signs  increases  at  the  electrodes.  The  latter 
are  polarized,  which  produces  an  additional  emf  between  them,  weakening  the  measured 
signal. 

The  above  processes  impose  difficulties  in  the  use  of  the  constant  magnetic  field 
for  measuring  the  flow  of  liquids  with  ionic  conductivities. 

There  are  special  electrode  designs  which  appreciably  reduce  the  interference  of 
near-electrode  electrochemical  processes.  However,  these  designs  are  complex  and 
not  too  suitable  for  industrial  flowmeters. 

In  actual  practioe,  one  uses  flowmeters  with  an  AC  magnet  for  measurements  of 
liquids  with  ionic  conductivities.  In  these  instruments,  the  instability  due  to  the  intrin¬ 
sic  galvanic  emf  is  easily  eliminated  by  high-pass  filters  [147],  Hie  effect  of  electrode 
polarization  on  flowmeter  leadings  Is  also  reduced. 
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Induction  noise,  which  arises  in  the  instrument  circuit  when  using  an  AC  magnet, 
caii  be  reduced  by  special  compensating  methods  [147). 

The  DC  magnetic  field  is  successfully  used  in  conduction  flowmeters  for  liquid 
metals.  These  metals  exhibit  electronic  conductivities,  so  that  no  difficulties  due  to 
near-electrode  electrochemical  processes  are  encountered.  Alternating  magnetic  fields 
can,  because  of  the  high  conductivities  of  liquid  metals,  result  in  appreciable  losses  due 
to  eddy  currents  in  the  flew. 

Flowmeters  with  a  constant  magnetic  field  have  the  advantage  of  design  simplicity 
and  moderate  cost.  They  do  not  require  an  electromagnet  with  a  core  made  of  electric- 
grade  sheet  steel  or  a  regulated  power  supply.  At  the  same  time,  the  so-called  contact 
resistance,  which  reduces  the  instrument  sensitivity,  may  arise  in  DC  liquid  metal 
flowmeters  under  certain  conditions.  Its  effect  is  particularly  felt  at  low  liquid  metal 
temperatures  [213].  The  contact  resistance  effect  cannot  be  calculated  analytically. 

This  resistance  changes  with  time  and  depends  on  the  state  of  the  electrode  surfaces. 


*, ,  ohm/m2 


Fig.  52.  The  contact  re¬ 
sistance  Rc  as  a  function 

of  temperature. 

KEY:  A)  lKhl8N9T-PbBi; 
B)  lKhl8NT~Na. 


Fig.  53.  Time  variations 
in  magnetic  flowmeter 
reading  upon  increase  in 
the  liquid  metal  tempera¬ 
ture. 


Interesting  studies  on  contact  resistance  at  the  electrode-liquid  metal  interface 
were  done  at  the  Institute  of  Physics  of  the  Latvian  Academy  of  Scienoee  (262).  They 
show  that  the  contact  resistance  is  due  to  many  causes,  in  particular,  the  resistance 
of  various  oxides  and  physical  adsorption  films,  which  are  almost  always  present. 

The  physical  adsorption  films  in  most  cases  are  dielectrics,  and  may  produce  an  appre¬ 
ciable  resistance  at  ambient  temperatures. 

'Hie  magnitude  of  contact  resistance  is  also  governed  by  the  absence  of  true  contact 
over  the  entire  electrode  surface.  It  is  zero  when  the  surface  is  wetted,  and  ranges  over 
very  wide  limits  when  it  is  not.  It  was  also  found  that  contact  resistance  drops  with  in¬ 
crease  in  temperature  and  in  most  cases  disappears  at  approximately  400*C. 
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Figure  52  shows  contact  resistance  at  interfaces  between  stainless  steel  -  liquid 
sodium,  ami  stainless  steel  -  lead  bismuth  eutectic  mixture.  The  stainless  steels  used 
in  these  experiments  were  lKhl8NT  and  lKhl8N9T,  respectively.  Curves  1  are  for 
clean  electrodes,  while  curves  2  are  for  oxide-coated  electrodes. 

Figure  53  shows  data  on  the  effect  of  contact  resistance  on  readings  of  magnetic 
flowmeters  1134],  It  is  easy  to  see  that  with  increasing  temperature  the  sensitivity  of 
magnetic  flowmeters  (which  depends  on  the  contact  resistance)  increases. 


j  rating  Features  of  AC  Flowmeters 


As  was  noted  above,  conduction-type  flowmeters  with  alternating  magnetic  field 
are  used  with  liquids  exhibiting  ionic  conductivities.  The  AC  fiold  produces  various 
kinds  of  noise.  However,  the  means  for  combating  it  are  more  effective  than  those  used 
for  reducing  the  detrimental  effect  of  electrochemical  processes  occurring  with  a  con¬ 
stant  magnetic  field. 

The  detrimental  effect  of  near-electrode  processes  can  be  eliminated  by  special 
filters.  The  electrode  polarization  effect  is  reduced  with  increasing  the  field  frequency 
o>,  but  is  still  perceptible  at  50  cps. 


Figure  54  shows  the  equivalent  circuit  of  a  conduction-type  flowmeter  with  an  al¬ 
ternating  field  [153).  In  this  circuit,  the  electrode  polarization  effect  is  represented  by 
capacitor  Cp  (several  microfarad)  in  series  with  the  converter.  The  phase  shift  pro¬ 
duced  by  electrode  polarization  can  be  compensated  by  a  circuit  consisting  of  an  Inter¬ 
mediate  capacitor  C  and  resistance  R.  The  relationship  between  the  potential  difference 
at  the  electrodes  and  the  emf  <$.  developed  In  the  flow  has  the  form 


Tt  •  -  Vi  rJ 


■+£' 


(3.48) 


where 


7  -  .  1  !  t  *  is  the  internal  resistance  of  the  meter,  while  Zy  is  the  load 


resistance. 


Fig.  54.  Equivalent  circuit  of  the 
AC  magnetic  flowmeter. 
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It  follows  from  Eq.  (3.48)  that  in  order  to  obtain  high  flowmeter  sensitivity  it  is 
necessary  to  satisfy  the  condition 


1. 

If  Z*  is  small,  then  variations  of  R,  C  ,  C  and  u  will  affect  the  readings.  In  this 
*  P 

case  and  with  liquids  of  relatively  high  conductivity,  the  principal  effect  on  flowmeter 
readings  is  that  of  electrode  polarization. 

These  results  were  verified  experimentally  using  a  flowmeter  with  u  =  60  cps 
and  Z^  =  0. 47  Megohm  in  experiments  with  fibe  aqueous  solutions  (KCL,  NaCL,  NaOH, 

HNOj  and  H2SO4)  of  various  concentrations.  The  flowrate  and  magnetic  flux  density 
were  held  constant  throughout  the  experiments  (Q  =  0.3  liters/feec,  B0  =  3. 96*  10~2tesla) 
[153). 


Fig.  55.  The  measured  signal  as 
u  function  of  the  internal  resistance 
of  the  HBO3  solution. 


l)  Experimental  curve;  2)  theoreti¬ 
cal  curve  for  Z/  =  co  and  in  the 
presence  of  polarization;  3)  theo¬ 
retical  curve  for  Zj  =  0.47  Megohm 
and  absence  of  polarization;  4)  theo¬ 
retical  curve  for  Zf  -  to  and  absence 
of  polarization. 
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Figure  55  shows  the  experimental  results  with  a  HNOj  solution  (curve  1).  ft  is 
seen  that  at  high  concentrations,  when  Rln>  the  flowmeters  internal  resistance,  was 

lesr  than  104  ohms,  the  electrode  polarization  was  at  maximum.  Hence,  a  further 
increase  In  the  concentration  of  the  solution  and  consequently,  in  its  conductivity,  was 
not  reflected  in  the  instrument  reading.  When  the  concentration  was  reduced  and  the 
internal  resistance  was  raised  from  104  to  10*  ohms,  an  increase  in  the  flowmeter  sen¬ 
sitivity  was  noted,  which  is  attributable  to  the  reduced  effect  of  electrode  polarization. 
Upon  further  increase  in  resistance  to  to*  duns,  the  instrument  readings  again  dropped 
off,  which  is  due  to  the  increasing  effect  of  resistance  It. 

Consequently,  changes  in  concentration  and  conductivity  of  electrolyte  solutions 
affect  the  different  components  of  Z  differently. 

The  capacity  C  of  the  converter  proper  is  under  ordinary  conditions  appreciably 
smaller  than  Cp,  and  is  important  only  when  the  conductivity  ts  very  low. 

The  alternating  magnetic  fields  induces  a  parasitic  emf  in  the  measuring  circuit; 

It  is  90*  out  of  phase  relative  to  the  measured  signal.  The  magnitude  of  this  emf  ts 
determined  by  the  area  of  the  measuring  circuit  and  its  alignment  relative  to  the  mag¬ 
netic  flux  vector.  Hence  the  plane  of  the  measuring  circuit,  formed  by  conductors 
leading  from  the  electrodeu,  should  be  parallel  to  the  magnetic  force  lines.  Another 
method  of  combating  the  effect  of  parasitic  emf  employs  a  special  winding,  connected 
to  the  electrode,  over  the  magnetic  circuit. 

In  flowmeters  designed  by  Nil  Teplopribor  [Research  Institute  for  Heat  and  Power 
Engineering  Measuring  fcstvuments]  this  method  is  used  in  smal  1  detectors  for  duct 
diameters  d  *  10,  20  and  25  mm,  while  the  first  method  is  used  for  ducts  with  d  >  50  mm. 

Special  compensating  systems  are  used  for  complete  elimination  of  the  effect  of 
paras  Uic  emf. 

When  the  steel  of  the  magnet  core  approaches  /atu ration,  odd  harmonics  and  noise 
sharply  increase  [203].  Hence  the  flux  in  the  magnet  core  should  not  exceed  a  certain 
limit.  According  to  data  of  Nil  Teplopribor  (153),  this  limit  is  0. 25-0. 3  tesla. 

It  should  also  be  remembered  that  any  change  in  the  power  aupply  of  the  mngnet, 
when  operating  over  die  saturation  part  of  the  magnetizing  curve,  changes  the  magnetic 
flux  density.  Hence  a  voltage  regulator  must  be  placed  at  the  electromagnet  input. 


5.  Design  of  Magnetic  Flowmeters 

Proper  operation  of  conduction-type  magnetic  flowmeters  requires  that  the  field  in 
the  electromagnet  gap  be  uniform. 

Magnet  assemblies  with  flat  poles  over  rectangular  or  circular  flowmeter  ducts 
(see  Fig.  41)  provide  satisfactory  field  uniformity  in  the  active  duct.  However,  they 
cannot  he  used  for  large  circular  ducts  due  to  their  large  size  and  the  appreciable  power 
needed  for  obtaining  the  desired  flux  densities  in  the  gap.  In  these  cases  magnet  assem¬ 
blies  of  special  design  are  used  [147,  153]. 
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Fig.  56.  Magnet  assemblies  of 
flowmeters  with  distributed  wind* 
ings. 

1)  Duct;  2)  electromagnet  winding; 
3)  magnetic  return  circuit. 


The  magnet  assemblies  in  flowmeters  with  ducts  larger  than  25  mm  have  distrib¬ 
uted  windings,  similar  to  the  deflecting  systems  of  televion  tubes.  A  magnet  assembly 
with  distributed  windings  is  shosm  in  Fig.  56.  In  this  case  the  magnetic  field  is  pro¬ 
duced  by  two  aaddle-ahaped  windings.  The  magnetic  return  circuit  shape  approaches 
the  elliptical  (Fig.  56a).  To  provide  a  uniform  magnetic  field,  its  cross  sections!  shape 
is  so  designed  that  the  magnetomotive  force  varies  along  the  axis  connecting  the  elec¬ 
trodes  in  the  same  manner  a a  die  gap.  The  winding  density  ia  maximum  at  the  edges 
and  decreases  toward  the  middle  of  the  magnet.  In  magnet  assemblies  with  distributed 
windings  virtually  the  enttre  air  gap  la  utilised. 

Design  of  magnet  assemblies  with  continuous  distributed  windings  for  large-tise 
flowmeter  duds  is  quite  difficult.  In  this  case,  the  windings  are  partitioned  into  several 
sections  (Fig.  S«b). 

Magnet  assemblies  with  distributed  windings  are  used  in  type  3-FU  flowmeters 
produced  In  the  Soviet  Union  and  in  magnetic  flowmeters  produced  by  the  foreign  firm# 
Alto,  Semac,  Kent  and  E  chart. 

The  magnetic  flowmeters  produced  by  Foxboro,  Fisher- Porter  and  Taylor  use 
magnet  assemblies  shown  schematically  in  Fig.  57.  in  these  systems  the  magnetic 
field  is  excited  by  two  lumped  saddle -shaped  windings  and  la  formed  by  a  magnetic 
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return  circuit  embracing  the  windings,  without  explicit  poles.  The  design  of  this 
assembly  is  simple,  but  high  power  is  needed  for  exciting  the  required  magnetic  field 
strength. 


Pig.  57.  Magnet  assembly  of  a 
flowmeter  with  lumped  windings. 

1)  Duet;  1)  magnetic  return  circuit; 
3)  electromagnetic  winding. 


Foxboro  flowmeters  for  SO  mm  0  ducts  require  300  W  for  excitation,  with  700  W 
required  for  450  mm  ducts. 

The  excitation  power  for  the  MO  Teplopribor  meters  is  shown  in  Table  3. 


Table  3.  Characteristics  of  Magnet  Aeeembltee  of  ND  Teplo-  ^ 
prtbor. 
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KEY:  1)  Flowmeter  type;  8)  duct  diameter,  mm;  3)  power 
used,  VA;  4)  number  of  windbags  per  coil;  9  diameter  of 
magnetic  return,  mm;  5)  flux  density,  tesla;  7}  magnet 
assembly  type;  8)  DfU;  •)  E -shaped  magnetic  return  circuit; 
10)  ribbon -type  return  circuit  with  dir  United  windings. 
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In  flowmeters  produced  by  the  KIP  [Control  and  Measuring  Instruments  -  CMI) 
plant,  also  with  circular  ducts,  the  excitation  power  increases  from  200  VA  for 
d  =  25  mm  to  400  VA  for  d  =  150  mm  and  620  VA  for  d  =  250  mm.  The  flux  density 
drops  then  from  0.05  to  0.004  tesla. 

An  important  component  of  magnetic  flowmeters  are  the  electrodes,  hi  circular 
ducts  the  electrodes  are  plaoed  at  the  ends  of  the  diameter,  in  the  horizontal  plane. 

They  are  made  from  stainless  steel,  platinum  an*4  special  alloys  resistant  to  corrosive 
media.  The  electrodes  are  inserted  through  special  openings  in  the  duct  walls,  and 
airtightneas  and  the  required  electrical  isolation  from  the  duct  walls  are  obtained  by 
means  of  packing. 

Figure  58  shows  the  construction  and  mode  of  attachment  of  electrodes  of  Foxboro 
and  Nil  Teplopribor  flowmeters. 


Fig.  58.  Electrode  construction  of  magnetic  flowmeters, 
a)  Foxboro;  b)  Nil  Teplopribor. 

1)  Electrode;  2)  insulating  layer;  3)  metal  duct  wall; 

4)  force  spring;  <9  washer;  61  damp;  7)  insulating  rings; 
8)  Insulation;  9)  spring  washer;  10)  cup  (lKhlSN&T  steel). 


The  signal  detectors  developed  by  Nil  Teplopribor  ere  designed  for  pressures  of 
2.35*  10*  Newton/n*  (34  kllogauas^m1)  end  temperatures  of  5-50*0.  When  heat  resis¬ 
tant  materials  are  used  for  insulating  the  Inner  diet  surfaces  and  the  electrodes,  the 
temperature  can  be  several  hundred  degrees.  The  diameter  of  the  flowmeter  is  Iden¬ 
tical  to  the  diameter  of  the  pipe  in  wWeh  the  meter  le  installed. 

Tables  4  end  5  present  technical  data  cm  AEofhut  sad  Fisher-Porter  flowmeter* 
(1471.  Figure  53  and  Table  6  present  date  oh  the  overall  dimensions  of  two  Soviet-made 

flowmeter*. 

Magnetic  flowmeters  with  rectangular  ducts  must  be  provided  tty  an  intricately 
shaped  expending  (or  converging)  connecting  adapter  (converting  a  rectangular  to  a 
circular  cross  section  or  vice  verse)  for  connectioo  to  pipelines. 

Magnetic  flowmeters  with  rectangular  ducts  and  continuous  side  electrodes  are 
developed  by  the  KhGfMIP  [Khar'kov  State  institute  of  Measures  and  Measuring  Instru¬ 
ments)  (1471. 
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Table  4.  Technical  data  on  Altoflux  magnetic  flowmeters 


KEY:  A)  Duct  diameter,  mm;  B)  maximum  flow  measured  Q, 
myb;  C)  power  used,  W;  D)  weight,  kg;  E)  length,  mm. 
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Fig.  59.  Overall  dimensions  of  flowmeter. 


Table  5.  Technical  data  on  Fisher-Porter  electromagnetic 
flowmeters. 
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KEY:  A)  Duct  diameter,  mm;  B)  maximum  flow  measured  Q, 
m3/h;  C)  power  used,  W;  D)  weight,  kg;  E)  length,  mm. 


Table  6,  Overall  dimensions  of  flownierera,  mm 
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XEY:  1)  Flowmeter  type;  8)  number  of  flange  holes,  3)  RI. 


Table  7.  Electromagnetic  flow¬ 
meters  for  liquid  metals 
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KEY:  1)  Duet  diameter,  mm; 
2)  range  of  flowrates  Q,  m3Ai , 


Fig.  60.  Photographs  of 
Soviet  DRI  electromag¬ 
netic  flowmeters. 


The  Nil  Teploprlbor  organisation  is  developing  a  series  of  flowmeters  for  liquid 
metals,  for  operation  at  500-600 *C.  Some  data  on  these  are  given  in  Table  7  [133J, 
Figure  60  shows  some  Soviet-produced  magnetic  flowmeters. 
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6.  Measuring  Circuits  of  Electromagnetic  Flowmeters 

When  using  magnetic  flowmeters  with  a  constant  magnetic  field  for  measuring 
liquid  metal  flow,  the  output  signal  is  recorded  quite  simply.  In  this  case  the  meters 
electrodes  can  be  connected  directly  to  &  miilivoltmeter  with  a  high  internal  resistance. 

When  very  high  reading  accuracy  is  needed,  as  well  as  when  measuring  very  low 
liquid  metal  flowrates,  the  flowmeter  signal  can  be  displayed  by  a  precision  potentiom¬ 
eter,  for  example,  the  PPTN-1  laboratory  potentiometer. 

Signal  detection  is  much  more  complicated  when  an  AC  flowmeter  Is  used  for  mea¬ 
suring  the  flows  of  a  liquid  with  an  ionic  conductivity.  We  noted  above,  that  in  this  case 
noise  due  to  near-electrode  electrochemical  processes  must  be  eliminated  by  filtering 
the  output  signal.  In  addition,  special  measures  must  be  taken  to  eliminate  noise  arising 
in  the  measuring  circuit. 

Hius  it  became  necessary  to  develop  special  measuring  circuits  which  provide 
proper  detection  of  the  signal  generated  at  the  flowmeter  electrodes  [147,  153]. 

Figure  G^  shows  the  measuring  circuit  of  type  3-RI-M  magnetic  flowmeters,  de¬ 
veloped  by  Nn  Teplopribor.  Here  the  signal  from  the  flowmeter  electrodes  is  fed  to  a 
symmetric  cathode  follower,  which  has  an  asymmetric  transformer  input.  The  trans¬ 
former  preamplifies  the  signal. 

The  cathode  follower  achieves  additional  suppression  of  noise:  this  is  done  by  feed¬ 
ing  a  compensating  voltage  to  one  of  its  arms.  The  compensating  voltage  is  taken  from 
the  filament  voltage  of  the  power  supply  unit  of  the  measuring  and  amplification  system ; 
it  is  adjusted  by  means  of  a  circuit  consisting  of  potentiometer  and  capacitors  Cs  and 
C4.  The  input  resistance  of  each  arm  of  the  cathode  follower  is  10T  ohms. 

The  signal  flows  through  a  coaxial  cable  and  switch  St  to  the  grid  of  the  left  triode 
of  tube  hi  which,  by  means  of  var.able  resistor  Rg,  varies  the  phase  of  the  signal  fed  to 
the  grid  of  the  right  triode  of  tube  L2.  The  output  voltage  of  the  amplifier  must  be  shifted 
by  180°  relative  to  the  compensating  voltage  supplied  from  the  flowmeter. 

The  right  triode  of  tube  L2  and  the  two  Modes  of  tube  Lj  form  sn  R-C  coupled 
three-stf-^e  voltage  amplifier.  The  amplifier  output  fee'  s  transformer  Tr2;  the  signal 
flows  from  the  secondary  winding  of  this  transformer  to  a  null  balance  measu  Ing  in¬ 
strument  (EIV,  EPID  or  DSR)  with  a  differential  transformer.  All  the  amplifier  tubes 
are  6N2P. 

A  special  feedback  scheme  is  used  in  the  amplifier.  The  feedback  circuit  incor¬ 
porates  a  saturated-core  choke  Ch,  the  control  winding  of  which  is  fed  with  DC  current 
pro  idcd  by  transformer  Trs  via  rectifiers  Dt  and  Dj.  TI  i  current  in  the  control  coil  of 
the  choke,  and  consequently  also  its  inductive  reactanoe,  change  when  the  suppl,  current 
changes.  This  changes  the  current  in  the  choke's  primary  winding,  so  that  the  gain  re¬ 
mains  constant. 

The  advantage  of  this  arrangement  is  the  ability  to  use  a  standard  measuring  in- 
^trument,  but  it  is  quite  complex.  In  addition,  signal  compensation  in  this  arrangement 
takes  .  lace  after  amplification,  so  that  the  accuracy  of  the  instrument  is  not  to*  high. 
Flowmeters  with  this  measuring  circuit  have  a  class  2,5  precision. 
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Fig.  61.  S  hematic  diagram  of  measuring  circuit  of  type 
3-RI-M  magnetic  flowmeters  developed  by  the  Nil  Teplo- 
pribor. 

KEY:  A)  Cathode  follower;  B)  measuring  amplifier;  Q 
measuring  Instrument;  D)  RI-25;  E)  RI-50  and  RI-80;  F) 
tapped  power  transformer. 


Figure  62  shows  a  circuit  for  measuring  magnetic  flowmeter  signals  developed  at 
the  Institute  of  Automatics  and  Telemechanics  of  the  USSR  Academy  of  Sciences.  This 
arrangement  uses  a  type  EMD-235  electronic  bridge  as  the  measuring  instrument.  Hie 
potential  difference  from  the  flowmeter  electrodes  Is  fed  to  servomotor  3,  where  it  is 
compared  with  the  compensating  voltage  taken  from  rheostat  6.  The  measured  and  the 
oompensa  _.g  voltages  are  supplied  to  the  amplifier  input  180°  out  of  phase.  The  rheostat 
slide  is  moved  by  two-phase  motor  4,  which  is  connected  at  the  amplifier  output.  To 
eliminate  the  effect  of  supply-voltage  fluctuations,  resistor  2  is  connected  Into  the  elec- 
*  -'magnet  winding  circuit.  A  phase-shifting  circuit  7,  for  compensating  for  the  phase 
.  .'5  between  the  current  in  the  windings  and  the  magnetic  flux,  is  also  placed  in  the 
e.  ctromagnet  supply. 

The  effect  of  the  transformer  parasitic  emf  is  eliminated  by  appropriate  position¬ 
ing  of  resistor  2  and  by  selectivity  of  the  two-phase  motor  with  respect  to  the  phase  of 
the  measured  signal.  The  motor  controls  the  motion  of  the  pointer  of  measuring  instru¬ 
ment  5.  The  basic  error  of  this  measuring  system  is  ±  1%. 

The  measuring  arrangement  developed  at  the  KhGIMIP  is  shown  in  Fig.  63.  In 
this  arrangement,  the  potential  difference  from  the  electrodes  of  the  magnetic  flowmeter 
1  Is  compensated  before  the  input  to  amplifier  5  by  the  voltage  taken  off  the  slide  rheo¬ 
stat  3.  To  provide  phase  coincidence  between  the  compared  voltages,  the  slide  rheostat 
is  supplied  from  a  section  of  eloctromagnet  winding  through  a  phase-shifting  network  2. 
This  also  ensures  isolation  of  the  instrument  from  supply  voltage  fluctuations. 
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Fig.  62.  The  measuring  circuit  for  magnetic  flowmeters 
developed  at  the  Automatics  and  Telemechanics  Institute 
o'  the  USSR  Academy  of  Sciences. 


Fig.  63.  The  magnetic  flowmeters 
measuring  unit  developed  at  the 
KhGIMIP. 


For  coarse  compensation  of  the  transformer  emf,  the  output  of  one  of  the  electrodes 
carries  a  coil  7,  which  can  be  rotated  about  its  axis,  thus  changing  the  amplitude  and  polar¬ 
ity  of  the  emf  induced  in  it.  In  addition,  the  instrument  is  provided  with  a  phase  selection 
element,  i.e. ,  two  phase  capacitor  motor  6,  whose  exciting  winding  is  fed  from  the  second 
section  of  electromagnet  winding.  The  second  exciting  winding  of  the  motor  ts  connected 
to  the  output  of  amplifier  5.  The  motor  control  a  the  motion  of  the  rheostat  slide  and  of  the 
pointer  of  instrument  -i.  The  measuring  error  is  ±  5%  of  the  full  scale  reading. 

Starting  with  1960,  the  CMI  Plant  started  production  of  magnetic  flowmeters  with  a 
measuring  circuit  shown  in  Fig.  64.  In  this  circuit  the  signal,  as  well  as  the  transformer 
emf,  are  compensated  by  ferrodynamic  converters  7  and  8. 
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Fig.  64.  Measuring  system  of  magnetic  flowmeters  devel¬ 
oped  at  the  CM!  Plant. 


The  exciting  winding  w2  of  converter  S  Is  connected  In  aeries  with  the  supply  of  the 
electromagnet  winding  1.  Sinoe  the  power  to  the  winding  is  much  greater  than  that  to  the 
converter,  the  compensating  voltage  at  the  frame  of  8  is  in  phase  with  the  transformer 
emf.  The  frame  of  8  is  rotated  by  reversible  motor  2  until  die  transformer  emf  is  com¬ 
pletely  compensated. 

The  winding  wt  of  converter  7  is  supplied  through  amplifier  9  which  is  fed  with  the 
potential  difference  between  resistor  10  and  winding  w«.  The  potential  from  the  frame 
of  converter  7  is  in  phase  with  the  measured  signal  ana  is  connected  in  opposition  to  it. 

The  reversible  motor  6,  which  responds  to  the  potential  difference  at  the  input  of 
amplifier  3,  rotates  the  frame  of  converter  7  until  the  measured  emf  is  completely  com¬ 
pensated. 

Motor  6  also  rotates  the  pointer  of  indicator  5  and  the  frame  of  converter  4  connec¬ 
ted  to  the  measuring  instrument.  The  basic  measuring  error  in  this  case  is  *(1,5-2, 5)%. 

Figure  65  showB  the  flowmeter  measuring  circuit  developed  by  Foxboro-Ioxal1. 
There  the  potential  difference  of  flowmeter  electrodes  1  and  the  voltage  compensating  it 
are  fed  to  difference  amplifier  4.  A  three-winding  transformer  3  is  connected  to  the  am¬ 
plifier  input.  Two  of  the  transformer's  windings  are  connected  in  series  with  the  flow¬ 
meter  electrodes.  The  compensating  voltage  from  the  differential  transformer  2  is  fed 


1  See  p. 
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to  the  third  winding.  Upon  amplification,  the  difference  (imbalance)  signal  is  detected 
by  phase-sensitive  detector  5,  and  it  then  is  fed  to  power  amplifier  6,  which  supplies 
the  windings  of  two  solenoids  7;  the  cores  of  these  solenoids  move  the  ring  of  the  dif¬ 
ferential  transformer  and  balance  the  circuit.  A  counting  device  8  is  connected  me¬ 
chanically  to  the  differential  transformer  ring. 
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Fig.  65.  Schematic  diagram  of  the  measuring  system  of  mag¬ 
netic  flowmeters  made  by  the  Foxboro-Ioxal  Company. 


Higher  ship  speeds  and  higher  range  require  improving  the  accuracy  of  naval 
navigation  instruments. 

Impeller-type  and  hydraulic  logs,  which  are  extensively  used  by  ships  for  deter¬ 
mining  their  speed  and  the  distance  traveled  [264]  are  not  sufficiently  accurate.  Their 
error  is  not  uniform  over  the  entire  range  of  ship  speeds  and  is  difficult  to  take  into 
account.  Their  accuracy  is  ±  0. 5  knots. 

Magnetohydrodynamic  methods  make  it  possible  to  design  a  new  type  of  log  which 
is  better  and  gives  higher  accuracy.  A  high-accuracy  electromagnetic  log  with  a  linear 
characteristic  over  a  wide  range  of  ship  speeds  Is  described  in  [147],  Its  velocity  trans¬ 
ducer  is  depicted  in  Fig.  66a. 

The  transducer  consists  of  electromagnet  2,  built  into  plastic  housing  4  protruding 
from  the  ship's  bottom,  and  of  two  electrodes,  installed  at  the  surface  of  this  housing. 
The  electromagnet  winding  is  supplied  with  AC  through  cable  1. 

When  the  ship  is  in  motion,  a  directional  electric  field  ts  created  around  the  log, 
with  the  potential  (Ufference  at  the  electrodes  proportional  to  the  ship's  speed.  The  sig¬ 
nal  from  the  electrodes  is  fed  via  cable  5  to  the  measuring  systems  (Fig.  66b).  The  log 
is  designed  so  as  to  provide  isolation  of  the  electromagnet  and  cables  from  sea  water. 
The  log  UBes  a  80  cps  power  supply. 

The  measuring  system  consists  of:  signal  amplifier  6,  velocity  indicator  7,  veloc¬ 
ity  transmitter  8,  cumulative  distance  integrator  9,  traveled  distance  transmitter  10, 
distance  servo  11,  and  counter  12. 
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Fig.  66.  Schematic  diagram  of  an  electromagnetic 
log.  V 


The  design  of  this  log  is  simple  and  the  device  may  be  used  as  part  of  an  automatic 
control  system,  with  the  feedback  based  on  the  ship's  speed.  Its  accuracy,  over  a  wide 
range,  is  ±0.05  knots. 


The  electromagnetic  log  is  calibrated  over  a  measured  course  for  each  scale 
range.  Here,  unlike  impeller  and  hydraulic  logs,  corrections  of  its  readings  are  con¬ 
stant  and  do  not  depend  on  the  velocity. 

Beoauae  of  the  high  sensitivity  of  this  log,  it  responds  to  the  additional  tnction  of 
the  ship  due  to  rolling  in  swelling  seas.  This  input  is  eliminated  by  using  a  devioe  which 
changes  the  Instrument's  magnetic  field  synchronously  with  the  ship's  roll. 
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8.  Electromagnetic  Sea  Current  Measuring  Devices 
[The  Geomagnetic  Electrolcfnetographl  (GEK) 

Electromagnetic  methods  can  be  used  for  designing  instruments  for  direct  mea¬ 
surement  of  the  flow  of  sea  currents  relative  to  the  earth  and  to  measure  these  from  a 
moving  ship,  a  development  which  holds  great  promise  in  oceanography.  These  instru¬ 
ments  are  based  on  measurement  of  the  potential  difference  arising  at  electrodes  when 
sea  water  moves  relative  to  the  vertical  component  Bx  of  the  earth's  magnetic  field, 
whose  magnitude  at  any  points  can  be  ascertained  from  magnetic  charts  such  as  the 
isodynam  chart  shown  in  Fig.  67  {246). 


Fig.  67.  Chart  of  isodynams  of  vertical  components 
of  the  earth's  magnetic  field. 


Since  the  vertical  component  of  the  earth's  magnetic  field  is  of  the  order  of 
0.5*  10~*  tesla,  the  distance  L  between  electrodes  Ej  and  Ej  of  the  instrument  (Fig.  68) 
must  be  fairly  large  to  yield  a  useful  signal.  With  the  electrodes  100  m  apart,  the  po¬ 
tential  difference  between  them  is  of  the  order  of  2. 5  mlllivolta/knot. 

With  horizontal  motion  of  sea  water,  as  in  the  case  of  channel  flow  of  conducting 
liquids,  the  sea  bottom  exerts  its  effect,  which  results  in  a  nonuniform  distribution  of 
velocity  with  the  depth.  This  prockiccs  a  nonuniform  distribution  of  emf  in  the  flow  and 
results  in  circulation  currents;  when  the  bottom  is  a  good  conductor,  these  currents  flow 
In  closed  paths  through  the  ground's  resistance  Rg  and  through  the  resistance  of  the  sta¬ 
tionary  water  Rgt.  which  is  analogous  to  the  external  load  of  MHD  generators.  The  re¬ 
sistance  Rmov  of  moving  water  can  be  identified  with  the  internal  resistance  of  such  a 
generator. 

The  potential  difference  at  GEK  cloctrodss  is  determined  from  a  formula  similar 
to  (3.43): 


100 
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where  R  „ 
eq 


oo 


Is  the  equivalent  resistance  of  the  ground  and  of  the  stationary  water.  When 


Ti  'fi  i'HJ..  (3.60) 

Usuallv  the  sea  current  velocities  are  measured  using  ship-towed  electrodes.  The 
sea  current  cau.-es  the  ship  to  drift  from  course  and  if,  together  with  the  electrodes,  is 
displaced  in  a  direction  perpendicular  to  the  course  with  velocity  v^.  Due  to  the  dis¬ 
placement  of  the  measuring  circuit  relative  to  the  earth's  magnetic  field,  an  emf  is  In¬ 
duced  In  it;  this  emf  can  be  represented  in  the  form 

(<P»  •  Ti)»  Vsltj.  (Vi  v  )»  v.JtJ  - 

The  potential  difference  at  the  measuring  Instrument's  input  la  equal  to  die  alge¬ 
braic  sum  of  all  the  components  acting  ’a  the  circuit: 
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ft  follows  from  Eq,  (3.  M)  that  the  emf  induced  between  the  electrodes  is 


(3.51) 


t.  *r?(  i  :  12)  <*•  (3-52) 

A  quantity  which  is  the  reciprocal  of  factor  k  is  the  analcg  of  the  loading  factor  in 
MHD  generators.  Here,  factor  k  dsprids  on  the  flow  conditions,  conductivity  of  the  sea 
bottom,  of  the  bottom -adjoining  %*iet  layers,  and  of  the  moving  water. 
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Table  8.  Values  of  factor  k 
for  several  sea  regions 


Values  of  k  for  any  sea  region  are  determined  by  statistical  processing  of  a  large 
number  of  measurements  by  a  GEK  and  other  instruments.  Values  of  k  for  several  sea 
regions  are  given  in  Table  8  [147].  It  follows  from  the  table  that  when  measuring  sea 
current  velocities  in  deep  waters,  the  potential  velocity  at  the  instrument  electrodes 
differs  little  from  the  induced  emf.  The  correction  which  must  be  made  does  not  ex¬ 
ceed  several  percents. 

The  GEK  records  only  one  component  of  the 
current  at  any  given  time.  To  measure  the  cur¬ 
rent's  vector,  the  measurements  must  be  made  on 
two  orthogonal  courses. 

Reliable  results  using  GEK  were  obtained 
on  the  Gulfstream  {246}. 

From  the  point  of  view  of  design,  the  GEK 
consists  of  two  nonpolartzing  electrodes,  connect¬ 
ed  by  cables  to  a  measuring  instrument  located 
aboardships.  The  GEK  also  includes  filters  for 
suppression  of  wave  interferences  and  a  winch  for 
fee*Viu  *_*t  h.iu  taking  up  the  cables  with  the  elec¬ 
trodes.  As  a  rule,  the  EPP-09  automatic  record¬ 
ing  potentiometer  is  used  as  the  regulating  instru¬ 
ment. 
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KEY:  1)  Water  depth,  m;  2) 
description  of  sailing  region: 

3)  continental  shelves;  4)  same 
as  above:  5)  open  seas;  6)  Bal¬ 
tic  Sea. 


Fig.  69.  De¬ 
sign  of  u  non¬ 
polarizing 
eloctrod . 


The  most  important  element  of  a  GEK  is 
the  nonpolarizing  electrode,  (Fig.  69)  (2651.  A 
corrugated  silver  plate  3  is  located  in  the  neck  of 
glass  bottle  2.  A  silver  wire  is  soldered  to  the 
plate,  connecting  the  latter  to  bottom  4  of  ground- 
glass  stopper  5.  Since  sliver  solders  poorly  to  glass,  cracks  are 
possible  at  the  solder  joint,  with  consequent  leak-in  of  the  sea 
water.  To  eliminate  this,  platinum  wire  ?.  which  is  soldered 
into  the  glass  plug  at  point  7,  is  welded  to  the  silver  wire. 

The  air  cushion  in  space  6  prevents  the  sea  water  seeping 
in  through  the  solder  from  reaching  the  junction  of  the  silver  and 
platinum  wires.  A  copper  conductor  9,  leading  to  the  external 
measuring  circuit,  is  connected  to  the  platinum  wire. 

The  plug  Is  tightly  scaled  into  the  mouth  of  bottle  2.  To 
provide  for  electrical  contact  with  the  sea  water,  a  dense, 
slnte  red-glass  filter  1  is  sealed  into  the  bottom  of  the  bottle. 

The  bottle  is  filled  with  a  chcmtcally-pure  3%  NaCl  solution 
(which  is  identical  to  the  NaCl  content  of  sea  water). 

The  cable  Is  connected  to  the  electrodes  by  means  of  a 
water-tight  plug  connection.  The  electrodes  are  placed  in  a 
special  drogue.  The  Intrinsic  potential  difference  of  such  elec¬ 
trodes  when  operating  at  sea  amounts  to  (0. 3-0. 5)  ±0.05  milli¬ 
volts. 

The  Soviet  industry  is  commercially  producing  the  GM-15 
sea  current  measuring  device  (1361.  This  instrument  includes 
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cables,  nonpolartaing  alive r-chlorich  electrodes,  the  PS-01  automatic  electronic  po¬ 
tentiometer,  control  and  monitoring  panel,  two  hand  winches  with  current  pickups  and 
pulleys  for  paying  out  and  taking  in  the  cables  with  the  electrodes. 

The  GM-15  is  supplied  from  the  187-1120  VAC  ship's  supply.  If  the  ship's  supply 
is  110-220  VDC.  the  PO-120-FS  converter  is  !sed. 

The  overall  dimensions  of  the  main  units  are  (in  mm): 


Potentiometer . 320  x  300  x  400 

Control  and  monitoring  panel .  480  x  310  x  ISO 

Winch  with  cable .  400  x  440  x  400 

Bracket .  340  x  550  x  900 

Case  with  electrodes  . .  250  x  150  x  310 


The  total  weight  does  not  exceed  150  kg, 


CHAPTER  * 


ELECTROMAGNETIC  PUMPS 


Electromagnetic  pumps  are  a  new  and  rapidly  developing  type  of  magnctohydro- 
dynamtc  devices,  used  for  transporting  conducting  liquids,  primarily  liquid  metals. 

Their  main  advantages  are  complete  sealing,  convenient  installation,  ability  of  adjust¬ 
ing  the  flowrate  and  developed  pressure  by  changing  the  parameters  of  the  electromag¬ 
netic  field,  simplicity  of  design  and  operation. 

In  terms  of  tb?ir  operation,  these  ♦ximps  are  similar  to  electrical  machines,  but 
differ  from  them  bv  their  design  and  utilization  of  MHD  effects.  Just  as  electric  motors, 
electromagnetic  pumps  are  reversible,  i.e. ,  under  proper  conditions  they  can  operate 
as  generators,  supplying  power.  Hence  many  problems  examined  below  in  connection 
with  electromagnetic  pumps  also  pertain  to  liquid-metal  MHD  generators.  A  great  deal 
of  attention  i«  paid  to  the  latter.  In  conjunction  with  the  promise  they  hohi  for  use  in 
power  generation  in  vehicles. 


1.  Classification  and  Principal  Designs 
of  Electromagnetic  Pumps 

in  term#  of  their  operating  principles,  electromagnetic  pumps  are  subdivided  into 
those  of  conduction  and  Induct  ton  type. 

Conduction  pumps  utilize  the  field  of  electromagnetic  ponderomotlw  forces,  pro¬ 
duced  by  interaction  between  externally  supplied  currents  in  the  liquid  and  the  applied 
magnetic  field,  to  move  a  conducting  liquid. 

Motion  of  a  conducting  liquid  by  a  field  of  electromagnetic  ponderomotive  forces, 
proceed  fev  Interaction  between  currents  Induced  in  the  fluid  and  the  applied  magnetic 
field,  underlies  fhe  operation  of  pumps  of  the  second  type. 

Conduction  pump*  are  of  IK'  and  AC  types. 

Induction  pump*  may  he  flat  linear,  annular  linear  and  helical.  Each  type  has 
certain  Inherent  electromagnetic  and  magnet ohydrudynsm to  properties,  governed  pri¬ 
marily  by  various  edge  effects. 


< 
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A  DC  electromagnetic  conduction  pump  operate  a  similarly  to  a  DC  motor.  Such 
a  pump  Is  shown  in  Fig.  70.  The  basic  element  of  this  pump  is  a  thin- walled  rectangu¬ 
lar  duct  1,  made  from  low-oonductivity,  nonmagnetic  material.  Electrodes  2,  to  which 
a  potential  difference  from  a  DC  source  is  supplied,  are  built  into  the  duct.  The  mag¬ 
netic  field  is  produced  by  electromagnet  3  with  an  air  gap  in  the  magnetic  circuit  (the 
core). 


Fig.  70.  Diagram  of  a  DC  induc¬ 
tion-type  electromagnetic  pump. 


The  externally  supplied  potential  difference  causes  current  I  to  flow  through  the 
liquid  metal,  and  the  interaction  between  this  current  and  the  applied  magnetic  field 
produces  a  pressure  difference  at  the  pump  inlet  and  outLt,  which  sets  the  fluid  Into 
motion. 

The  magnetic  field  of  the  current  flowing  through  the  liquid  metal  may  distort  the 
external  magnetic  field,  increasing  it  at  the  inlet  and  decreasing  at  the  outlet.  This 
phenomenon,  which  is  similar  to  the  armature  reaction  in  electric  machines,  may  be 
called  the  liquid-metal  reaction.  It  has  a  negative  effect,  reducing  the  pump's  efficiency. 

The  following  methods  are  uBed  for  reducing  the  liquid-metal  reaction:  1)  a  com¬ 
pensating  return  circuit,  situated  in  the  magnet  gap  and  creating  a  magnetic  field  equal 
in  magnitude  and  opposite  in  direction  to  the  magnetic  field  induced  by  currents  In  the 
liquid  metal;  2)  making  the  duct  in  the  shape  of  a  loop;  here,  the  magnetic  field  produced 
by  current  in  one  side  of  the  loop  is  compensated  by  that  produced  by  the  current  in  the 
other  side  of  the  loop;  3)  modifying  the  magnet  pole  shape  so  that  the  gap  between  the  poles 
would  increase  in  the  direction  of  motion  with  simultaneous  change  In  the  duct  cross  sec¬ 
tion;  here,  the  flow  velocity  should  increase  in  the  direction  of  motion  in  a  manner  pro¬ 
viding  for  constancy  of  the  emf  induced  in  the  fluid  over  the  entire  active  zone. 

Because  it  is  difficult  to  design  in  practice,  the  third  method  is  of  little  use.  How¬ 
ever,  one  can  use  a  technique  combining  the  first  and  the  second  methods  (Fig.  71). 
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Fig.  71.  Compensation  of  the  Uquid-metal  re¬ 
action. 


The  exciting  winding  of  the  electromagnetic  pump  may  be  in  series  with  fee  elec¬ 
trodes  (series  connection),  or  it  may  be  fed  independently.  Usually  liquid-metal  pumps 
use  series-ctnneoted  windings,  since  this  makes  it  possible  to  better  utilize  the  supply 
source  power.  Independent  excitation  is  used  in  pumps  for  weakly  conducting  liquids. 

To  limit  current  leakage  beyond  the  region  with  strong  magnetic  field,  baffles  are 
sometimes  installed  in  the  edge  zones  of  the  duct. 

An  AC  conduction-type  electromagnetic  pump  is  similar  to  the  DC  pump,  but  its 
magnet  core  is  made  from  electrical-grade  sheet  steel  to  reduce  eddy  current  losses, 
and  the  exciting  winding  is  supplied  from  a  single-phase  source. 

One  advantage  of  an  AC  conduction  pump  is  the  ability  to  use  line  current  via  step- 
down  transformer,  which  can  utilize  as  its  core  the  pump's  core.  Among  the  disadvan¬ 
tages  are  the  unrvoidable  vibrations  of  the  thin-walled  duct,  produced  by  the  pulsations 
of  the  magnetic  field  in  the  gap,  and  appreciable  losses  to  eddy  currents  in  the  conduct¬ 
ing  fluid  (the  latter  can  be  reduced  by  reducing  the  supply  current  frequency).  A  conduc¬ 
tion-type  AC  electromagnetic  pump  is  shown  in  Fig.  72. 


Fig.  72,  Diagram  of  a  conduction-type  AC 
electromagnetic  pump. 


Pump  duct  1  is  placed  in  gap  2  of  the  magnet  core,  on  which  are  wound  the  pri¬ 
mary  (3)  and  secondary  (4)  transformer  windings.  The  secondary  winding  is  closed 
through  pump  electrodes  S.  The  series  connection  of  the  secondary  winding  of  the 
transformer  with  the  pump's  electrodes  allows,  under  certain  conditions,  to  obtain 
phase  coincidence  of  the  current  and  the  magnetic  flux  in  the  liquid  metal  {170}. 

The  operating  principle  of  induction  pumps  is  similar  to  that  of  asynchronous  mo¬ 
tors.  The  helical  pump,  shown  in  Fig.  73,  is  most  similar  to  an  asynchronous  motor. 

The  pump  consists  of  magnetic  field  inductor  1,  which  is  made  (just  as  a  stator  of 
an  asynchronous  motor)  from  transformer  sheet  steel,  a  magnet  core  2,  also  made 
from  sheet  steel,  two  thin-walled  cylinders  3,  made  from  nonmagnetic  stainless  steel 
and  placed  between  inductor  1  and  magnet  core  2.  The  metal  ribbon  4,  forming  a 
single-  or  multi-spiral  helical  channel  in  which  the  liquid  metal  is  contained,  is  wound 
between  the  cylinders.  The  rotating  magnetic  field  produoed  by  tbe  stator  interacts  with 
the  currents  induced  in  the  liquid  metal  and  sets  the  latter  into  motion  along  the  helical 
duct. 


Fig.  73.  Schematic  diagram 
of  an  AC  helical  induction  pump. 


The  flat  linear  induction  pump  is  shown  in  Fig.  74.  Its  main  elements  are  mag¬ 
netic  field  inductors  1,  whose  slots  contain  a  three-phase  excitation  winding  2  which 
produces  a  traveling  magnetic  field.  Between  the  inductors  (which  form  the  magnetic 
system  of  the  pump)  is  a  rectangular  duct  4,  made  from  thin-walled,  low-conductivity 
metal.  The  pump  is  connected  to  the  piping  by  means  of  converging  section  3  and  di¬ 
verging  section  5. 

Fiat  linear  induction  pumps  with  branching  ducts  have  also  been  designed  [170], 
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Fig.  74.  Schematic  of  a  flat  linear  induction  pump. 


Figure  75  shows  a  schematic  of  an  annular  linear  induction  pump.  The  pump  con¬ 
sists  of  magnetic  field  inductor  1,  a  liquid  metal  duct  formed  by  two  coaxial  cylinders  3 
and  4,  converging  piping  6,  diverging  piping  2  and  inner  radially-laminated  core  5  (the 
laminae  extend  along  the  cylinder's  axis).  The  three-phase  winding  7,  placed  in  annular 
slots  of  the  inductor,  produces  in  the  gap  an  alternating  magnetic  field  traveling  along 
the  cylinder  axis  and  setting  the  liquid  metal  into  motion. 


--  -  ■  -  ✓ 

•f 


:S 


Fig.  75.  Schematic  diagram  of  an 
annular  linear  induction  pump. 


Among  the  disadvantages  of  annular  induction  pumps  are  poorer  cooling  than  in  flat 
pump  and  low  operating  efficiency  except  at  high  output.  Absence  of  front  parts  of  in¬ 
ductor  windings  and  of  transverse  edge  effects  are  among  its  advantages. 

Annular  induction  pumps  for  liquid  metals  without  ferromagnetic  cores  have  also 
been  designed  [2161. 

Of  all  the  above  pumps,  the  flat  linear  (FLIP)  and  annular  linear  (ALEP)  induction 
pumps  are  the  most  extensively  used. 


2.  Theory  of  DC  Conduction-Type  Electromagnetic  Pumps 

The  main  operating  characteristics  of  electromagnetic  pumps  are  their  delivery 
Q  (m3/hout)  and  output  pressure  p  (Newtons An3).  The  value  of  p  is  smaller  than  the 
pressure  pa  developed  by  the  pump  by  the  amount  of  pressure  drop  in  the  duct  Ap 

p  (4.1) 
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For  a  given  liquid  metal  flow  and  magnetic  Held  parameters,  the  Ap  should  be 
determined  assuming  MHD  effects  of  the  first  kind  (see  Chap.  2).  In  particular,  for  a 
flat  duct  (a  »  b)  these  drops  can  be  determined  from  Eqs.  (2,46)  and  (2. 116). 

The  main  concern  of  the  theory  of  electromagnetic  pumps  is  determination  of  the 
pressure  pft  developed  by  the  pump. 

As  follows  from  Eq.  (2. 1),  electromagnetic  forces  acting  in  a  volume  of  conducting 
fluid  are  given  by  the  vector  product  of  the  magnetic  flux  density  and  the  electric  curretft 
density 

'U'  r:\j-na\dV.  (4.2) 

To  determine  p.  Eq.  (4. 2)  should  be  integrated  over  the  entire  liquid  volume  V 
in  which  the  electroa&gr Stic  forces  act,  and  the  result  thus  obtained  should  be  divided 
by  the  duct's  cross  sectional  area 


The  pump  will  be  most  efficient  when  the  magnetic  flux  density  and  electric  cur¬ 
rent  are  uniform.  In  real  pump  designs,  this  condition  is  not  entirely  satisfied  due  to 
the  liquid  reaction  and  edge  affects.  While  the  liquid-metal  reaction  can  be  compensa¬ 
ted,  the  edge  effects  always  remain.  Here  the  edge  effects  are  due  to  leakage  of  the 
current  fed  and  to  nonuniform  distribution  of  magnetic  flux  in  the  edge  a ones. 

The  electromagnetic  pump  duct  1b  divided  into  an  active  zone,  where  the  current 
and  magnetic  flux  density  can  be  assumed  as  uniform,  and  an  ed^e  zone,  where  the  dis¬ 
tribution  of  these  quantities  is  not  uniform.  The  electromagnetic  pressure  of  an  effici¬ 
ently  designed  pump  is  developed  by  the  active  as  well  as  the  edge  zones.  Determination 
of  the  two  components  of  the  total  pressure  is  the  principal  task  of  the  theory. 
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Fig.  76.  Equivalent  circuit 
of  a  DC  electromagnetic  In¬ 
duction  pump. 
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The  theory  and  methods  of  design  of  these  pumps  have  been  most  completely  de¬ 
veloped  by  Yu.  A.  Birzvalk  [178-1811. 

The  distribution  of  electric  quantities  in  an  electromagnetic  pump  duct  is  usually 
described  in  terms  of  an  equivalent  circuit,  which  allows  one  to  divide  the  electric  cur¬ 
rent  in  the  duct  into  its  components. 

Figure  76  shows  the  equivalent  circuit  of  a  DC  pump,  suggested  by  Birzvalk. 

Here,  the  total  current  I  flowing  through  the  pump  duct  is  a  sum  of  components  1^,  1^ 

and  Iv,  corresponding  to  the  active  zone,  bypass  zone  and  the  conducting  wall  of  the 

duct. 


The  electromotive  force  induced  in  the  conducting  liquid  moving  in  a  magnetic 
field  is  also  represented  in  the  form  of  components  k^c  and  k^  <?. 

The  resistance  of  ;he  liquid  and  of  the  duct  wall  are  denoted  by  Rj,  R^  and  R^. 

It  is  seen  from  this  equivalent  circuit  that  the  electric  current  components  may  be 
represented  as 


h  - 
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Using  Kirchhoff  law  for  the  electric  circuit,  the  operating  current  becomes 


(4.4) 

(4.5) 
(4.  6) 
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The  resistances  R^  and  R^  of  the  liquid  and  R^  of  the  duct  walls,  as  well  as  factor 
k^,  are  expressed  in  terms  of  coefficients  which  depend  on  the  pump  design 
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where  a,  b  and  JL  are,  respectively,  the  duct  width  and  height,  and  the  length  of  the  elec¬ 
trodes;  CTj  and  b^.  are  the  duct  wall  conductivity  and  thickness. 

The  values  of  a  ,  and  [181],  which  can  be  used  for  calculating  the 

parameters  of  the  equivalent  circuit  and  for  determining  the  operating  current  of  the 
pump,  developing  the  electromagnetic  pressure,  are  presented  in  Tables  9-12.  Coor¬ 
dinate  z0,  given  in  the  tables,  is  the  amount  by  which  the  pole  shoe  length  exceeds 

the  electrode  length  X 
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Table  11.  Values  of  coefficients  <* 
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Table  12.  Values  of  coefficients 
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In  accordance  with  the  equivalent  circuit,  the  hydraulic  power  of  the  pump  is 

P,Q  /.I:.  (4.12) 

To  determine  p  (Q),  it  is  convenient  to  represent  the  operating  current  as 

A 


/  -  f?n 

i  —  -  -  -  -  - , 


(4.13) 
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where 


So -Ml  -£i)~l: 

Ra  -----  -  1. 


From  an  equivalent  circuit  to  which  the  exciting  winding  resistance  has  been 
added,  we  have 
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(4.14) 


where  is  the  resistance  of  the  exciting  winding. 


To  take  Rc  into  cons i deration,  we  can  use  the  dimensionless  ratio 

o  -a  ?*. 


(4.15) 


where 


R. 


i 


Then  the  relationship  lor  U  becomes 

V,  ->  -  ;U  (/*,(l  -  />.)  -I-  S].  (4. 16) 

»  T  ((3 

The  core  of  a  conduction-type  electromagnetic  pomp  usually  operates  at  below 
saturation  flux  densities.  Hence,  we  can  assume  that  the  relationship  between  the  cur¬ 
rent  and  the  magnetic  flux  density  Is  linear 

(4.17) 


where 


w  is  the  number  of  turns  of  the  exciting  winding;  p  0  ~  1.257»'10"*henry/m  is  the  mag¬ 
netic  permeability  of  vacuum;  is  the  air  gap  coefficient;  k^  is  the  saturation  factor. 

Using  Eq.  (4. 17)  and  expressing  the  emf  In  terms  of  the  magnetic  flux  density  and 
flowrate  (<S  —  ^).  we  obtrfin  for  pfi 


(4.18) 


| 
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It  is  also  possible  to  represent  p  (Q)  in  relative  units 

& 


i1  ';"i 


I  Q 

('  *)’ 


(4.19) 


where  Q_  is  the  nominal  flowrate; 
nom 


/tt 


;  Q  Q  R  Ru(i  I  «<)• 


The  total  efficiency  of  an  electromagnetic  pump  Is  expressed  as  a  product  of  the 

(4.20) 


electromagnetic  (v  )  and  hydraulic  (p, )  efficiencies 
&  n 


where 


I  Vih 


i>S)  r>Q 


i  J  ’ 


;!h 


V  1 


\1> 

p 


Substituting  U,  from  Eq.  (4. 16),  the  power  used  by  the  pump  is  given  by 


i\t  '  I/'-'*  •  .\\)  :  AV|. 

i  i  •"« 


(4.21) 

(4.22) 

(4.23) 


Substituting  Eqs.  (4. 18)  and  (4,23)  into  Eq.  (4.21),  we  get  an  expression  for  the 
pump's  electromagnetic  efficiency 


When 


'  I  .  X  Q 

0  ,  the  efficiency  is  maximum.  Here 


(4.24) 


•>,  1  s'  i  V.  (4.25) 

Figure  77  gives  computed  curves  of  pg(Q)  for  different  R  «  const,  at  Q  -  Q, 

Assuming  the  pressure  losses  in  the  duct  to  be  proportional  to  the  square  of  the 
mean  velocity,  we  get  an  expression  for  the  pump's  overall  efficiency 


i  <i 

•  1  * 


■A" 


(4.25) 
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where 


i.  - 

$2-* 

and  ie  the  nominal  pressure  In  the  duct, 
noro 

Figure  78  shows  curves  of  q  =  f(Q)  computed  from  Eq.  (4.26)  at  U,  =  const,  and 
different  values  of  R  and  the  friction  factor.  We  see  that  the  pressure  drop  in  the 
duct  must  be  taken  into  account. 


,  i  ; 


i  i  i  j. 
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Fie.  77.  Computed  curves 
ofpt(Q). 
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Fig.  78.  Computed  curves 
of  f)  -f<0). 
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The  given  data  for  design  of  electromagnetic  pumps  are  uaually  the  working  pres¬ 
sure,  output  and  physical  properties  of  the  conducting  liquid  {temperature,  conductivity, 
viscosity  and  density).  The  engineering  assignment  may  alao  list  the  maximum  current, 
which  ia  governed  by  the  capacity  of  the  supply  source,  snd  alsr  other  special  require¬ 
ments. 

The  main  design  task  la  to  find  the  duct  dimensions  (a,  b.  I )  and  the  optimum  ratio 
between  the  electromagnetic  loads.  This  is  done  in  •  manner  similar  to  elertrlcal  machine 
design,  that  is,  by  examining  ■  number  of  version/  using  one  of  the  generally-accepted 
methods  (170,  1801. 


3.  Hoc 


>Uur  Generators  for  i 


luid- Metal 


Direct  current  electromagnetic  pumps  are  supplied  from  low-voltage  source* 
which  must  satisfy  a  number  of  specific  require  me  ids.  It  should  he  able  to  supply  cur¬ 
rents  of  the  order  of  A  at  0. 5-3  V.  To  reduce  losses  in  the  buses,  the  source 

must  be  near  the  pump  end  he  able  to  operate  at  high  ambient  temperature  a  (possibly) 
in  the  presence  of  radioactivity. 


Fig.  T9.  The  underlying  principle  of  homopolar 
generator?. 

a)  Annular  generator:  h)  disk-type  generator. 


In  theory,  electromagnetic  pump*  may  he  supplied  from  rectifiers  and  (chemical) 
batteries.  However,  homopolar  generators  satisfy  the  above  requirements  much  better. 

According  to  published  data,  homopolar  generators  are  25^T  cheaper  than  recti¬ 
fying  devices,  have  a  higher  overload  capacity  ami  higher  efficiencies  {2661.  They  are 
cheaper  and  have  a  better  weight  Wr.e  ratio  than  batteries. 

Homopolar  fX'  generator*  include  brushless  electrical  machines,  in  which  the 
direction  af  the  induced  emf  remain*  constant.  These  generators  were  known  for  a  long 
time;  however,  thev  have  come  under  thorough  experimental  and  theoretical  scrutiny 
only  recently  1266,  267}. 

A  homopolar  generator  operate*  as  follows.  The  active  generator  element  (cyl¬ 
inder  or  disk)  imtatrs  In  a  constant-polarity  magnetic  field  (Fig.  79);  the  emf  induced  in 
this  element,  in  accordant**  with  the  electromagnetic  induction  law.  Is 

'  .  .1 

vhere 
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Within  the  limits  of  the  magnet-assembly  pole  B  -  const.  Here  the  following 
relationships  [266]  apply  for  annular  and  disk  generators 


J.i 

.*  n  . 


sc1)  j  s  njA  ■■  " ii^i 


(4.27) 


S  (0)  -  -  f  li‘ , , <i0;  (V  :  "  1^  11*  1,1 

j  •  l*jS  n  o  0  (.•  f>  u  -jO  0 


ii)  3  <.,»•»  .'J 


(4.28) 


The  current  of  a  horoopolar  generator  feeding  power  to  a  circuit  is  determined 
from  the  known  expression 


/  *»  _  u 

>, -I  ' 


(4.29) 


The  direction  of  current  is  the  same  as  that  of  the  emf  and  does  not  change  with  rotation 
of  the  active  element  (armature). 

The  ferromagnetic  armature  of  homopolar  annular  generators  may  be  smooth  or 
massive  and  expanded.  Sometimes  the  armature  Is  made  in  the  form  of  a  hollow  non¬ 
magnetic  cylinder.  Disk-type  homopolar  generators  have  conically  shaped  nonmagnetic 
disks. 

Annular  homopolar  generators  with  ferromagnetic  armatures  are  preferred  for 
supplying  electromagnetic  pumps,  since  their  weight  and  power  characteristics  are 
better  than  those  of  disk-type  generators.  Design  schematics  of  annular  homopolar 
generators  are  shown  In  Fig.  80. 
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Fig.  80.  Design  schematics  of  annular  homopolar  generators. 

a)  Two-pole;  b)  multipole  with  expanded  rotor;  c)  multipole  with  hollow  rotor. 
1)  Armature;  2)  stator;  8)  excitation  winding;  4)  current  contacts. 
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The  operating  current  from  homopolar  generators  is  taken  off  by  means  of  liquid- 
metal  or  ordinary  brush-tvpe  contacts.  Metal-graphite  brushes  can  be  used  for  current 
densities  of  up  to  30  A/cm5,  and  at  currents  of  103-10?A  their  size  must  be  appreciable. 

This  naturally  also  increases  the  friction  losses.  Hence  high-current  homopolar  gen¬ 
erators  usually  use  liquid-metal  contacts  which  can  be  used  with  current  densities  of  1 

103A/cm2. 

Modern  homopolar  generators  with  ring  contact  from  an  Na-K  alloy  have  an 
efficiency  of  about  98%  and  a  weight  to  power  ratio  about  2. 5  kg/cW  for  powers  of 
103-10<  kW. 

Figure  81  shows  curves  of  o  =  fj(n)  and  I  =  f2(n)  for  annular  homopolar  generators 
derived  at  different  linear  velocities.  These  characteristics  may  be  varied  within  wide 
limits  by  changing  the  armature  diameter  D. 


,  y  /.  K  **no 


Fig.  81.  Theoretical  curves  of  €  ~  fi(n)  and  I  =  f2(n)  for 
homopolar  generators. 


As  a  rule,  homopolar  generators  are  separately  excited,  which  makes  it  possible 
to  use  permanent  magnets.  * 

Table  13  presents  the  specifications  of  an  annular  homopolar  generator  with  liquid- 
metal  current  contacts  1267].  The  weight  of  this  experimental  generator  is  107  kg  and 
the  overall  dimensions  are  355  x  320  x  385  mm.  The  experimental  output  curves  of  this 
generator  are  presented  in  Fig.  82. 


4.  Theory  of  Flat  Linear  Induction  Pumps 

The  main  task  of  the  theory  of  flat  linear  induction  pumps  [FLIP]  is  the  study  of  j 

the  spatial  distribution  of  the  electric  field  intensity  E  =  ft(x,  y,  z,  t)  and  of  the  magnetic 
flux  density  B  =  f2  (x,  y,  z,  t);  these  factors  must  be  known  for  determining  currents 
and  electromagnetic  forces  acting  in  the  liquid  metal. 
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Ftg.  82.  Experimental  output 
characteristics  of  an  annular 
homopolar  generator  with 
liquid-metal  contacts. 


Table  13.  Specifications  of 
Homopolar  Generator 
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Fig.  83.  Schematic  of  a  flat  linear  induction  pump. 


The  processes  taking  place  in  the  ducts  of  flat  electromagnetic  pumps  are  much 
more  complex  than  those  in  ducts  of  conduction-type  pumps,  due  to  the  eddy  behavior 
of  electromagnetic  forces,  demagnetizing  effect  of  currents  in  the  liquid  metal,  edge 
effects  (transverse  and  longitudinal),  etc.  Hence  the  modern  theory  of  induction  pumps 
is  built  on  an  idealization  of  the  flow  in  the  channel  and  on  an  idealized  design.  The 
basic  work  in  the  theory  of  induction  pumps  was  done  by  A. I.  Vol'dek  [163,  165-167). 

Figure  83  shows  a  schematic  of  a  flat  linear  induction  pump.  The  finite  width  a 
of  the  pump  duct  produces  current  density  components  j  in  the  liquid  metal.  These 

components  do  not  participate  in  production  of  the  useful  pump  head,  but  reduce  the 
magnitude  of  the  useful  component  j  by  increasing  the  total  length  of  the  current  lines. 

y 

The  distribution  of  the  current  lines  is  shown  in  Fig.  84. 


Fig.  84.  Distribution  of  currents  induced  in 
the  liquid  metal  flowing  through  an  induction 
pump. 


The  problem  of  current  and  electromagnetic-force  distributions  in  liquid  metal 
flowing  through  a  flat  linear  induction  pump  was  solved  by  Vol'dek  under  the  following 
assumptions  [163]:  the  pump  is  infinitely  long,  the  magnetic-field  inductors  have  no  gap 
and  have  an  infinite  magnetic  permeability,  the  duct  walls  are  isolators,  and  the  mag¬ 
netic  field  in  the  liquid  metal  is  plane-parallel. 


f 
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For  the  case  of  a  plane-parallel  magnetic  field,  one  can  write  Eqs,  (2.3)  and  (2.4), 
after  substitution  of  Eq.  (2. 6) 

i.  «m, 

|i  >*!/ 

I  «•/», 

|t 

‘V:t 

«y  <’.• 


where  E^  is  the  strength  of  the  electric  field  Induced  in  the  liquid  metal  by  the  tnductor. 

The  electric  field  and  magnetic  flux  density  are  most  conveniently  represented  in 
the  complex  form 

E i-e1  "-1  a  M; 

where  a  -  r/r  ;  t  is  the  pole  pitch  (see  Fig.  84)  and  w  is  the  angular  veloctty  of  the 
metai  moving  relative  to  the  induoed  field.  Here  the  complex  amplitudes  B  and  fe  are 
not  function*.  of  coordinate  a,  while  E^is  not  a  funotion  of  y. 

Equations  (4. 30)  in  complex  form  will  now  be  written  in  the  form 


i  <**». 


(4.31) 


Eliminating  from  the  above  expression  E  and  E  ,  we  get  the  following  second-order 

.  *  y 

ordinary  differential  equation  for  Bx 

>-!l\  i  i  '<i»|i/:  A  0,  (4.32) 

where 

h«(I  i  |V);  * 

The  boundary  conditions  for  Eq.  (4. 32)  are 


•i,  >i  for  i/ 


(4.33) 


The  solution  of  Eq.  (4.  32)  is 


/I,  '•  ( 

/.  - 

(4.34) 

From  the  boundary  conditions  we  get 

.  -  ,  »  «f  * 

a- 

(4.35) 

and  the  solution  takes  the  form 

;i 

{  ,l,x  ■/] 

(4.36) 

In  accordance  with  Eq.  (2.3),  we  get  the  following  expressions  for  the  complex 
amplitudes  of  current  densities 

\ 

i  'll  hi 

(•*.  Z  »> 

"  “*  1 

•'It  >■!!  \ 

(4.38) 

When  a  —  oo,  there  is  no  transverse  edge  effect.  Here 


(4.391 


In  the  above  relationships 


(4.40) 


whers  f  is  the  current  frequency  in  the  liquid  metal  and  Is  the  amplitude  of  the  mag 
netic  flux  density  of  the  traveling  field  of  the  Inductor  in  the  liquid  metal. 

In  calculating  the  pressure  developed  by  the  pump,  one  need  no  Integrate  along 
the  z  axis.  Here  it  suffices  to  take  (in  a  manner  similar  to  calculating  the  average 
effective  power  of  sinusoidal  alternating  currents)  the  real  part  of  the  product  of  the 
effective  complex  of  current  density  and  the  conjugate  effective  value  of  the  magnetic 
flux  density  comples  and  multiply  It  hy  the  inductor  length  i 


J  |  !b'|/AI</v.f{/. 


J  b 

1  i 


(4.41) 
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Upon  substitution  of  Eqs.  (4.38)  and  (4.40),  we  get 
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Thu  power  P0  is  released  whon  there  is  no  transverse  edge  effect,  while  factor 
describes  the  decrease  in  the  losses  in  the  liquid  metal  when  this  effect  is  present. 

Equations  (4.42)  and  (4.47)  were  obtained  for  the  case  of  stationary  liquid  metal, 
which  corresponds  to  the  case  when  the  induction  pump  does  not  deliver  any  flow  but  is 
connected  to  the  power  supply. 


d 


Fig.  85.  Curves  of  kat 
#  (a/2  r)  at  different  e  const. 

where 


As  in  asynchronous  motors,  the  controlling 
operating  parameter  of  induction  pumps  is  the 
quantity  s,  which  characterizes  the  slip  of  the 
liquid  metal  flow  moving  with  average  velocity 
va  relative  to  the  traveling  magnetic  field 

s  I  (4.49) 

When  the  slip  differs  from  1 ,  the  formula 
for  electromagnetic  pressure  developed  by  the 
pump  must  contain  the  factor  s: 

(4.50) 

where 


The  slip  is  also  included  into  the  expression  for  t 

s  ’  ,  (4.51) 


Correction  b/5k^  In  Eq.  (4. 51)  takes  into  Recount  the  fact  that  b  <  6  and  that  the  induc¬ 
tor  is  not  smooth. 

The  use  of  high-conduction  lateral  channel  walls  is  an  effective  means  for  reduc¬ 
ing  the  transverse  edge  effect.  Special  short-circuiting  bus  bars  are  used  for  this 
purpose. 

In  our  case  (It  ia  assumed  that  the  busbars  are  Ideal  conductors) 

(4.52) 
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The  express  ion  for  the  electromagnetic  pressure  takes  the  form  (187] 


P  - 


N, 


(4.53) 


where 


N 


i+«P: 


n  is  the  number  of  pole  winding  pairs  and  is  the  winding  factor. 
The  expression  for  B^,  used  in  deriving  Eq.  (4.53),  was 


a  / 


(4.54) 


It  follows  from  Eq.  (4. 53)  that  an  Induction  pump  wtth  perfectly  conducting  side 
busbars  and  constant  current  supply  to  the  inductor  develops  a  maximum  pressure  when 
N  is  at  maximum.  Differentiating  Eq.  (4. 53),  we  obtain  that  N  -  1. 


Similarly,  we  get  an  expression  for  the  mechanical  power 

3/J*JV(l  -s>.  (4.55) 

where  x^  is  the  inductive  reactance  of  the  liquid  metal.  This  reactance  Is  expressed  in 
terms  of  the  parameters  of  the  inductor 


- "• 

The  efficiency  of  a  flat  linear  induction  pump  is  written  in  the  form  [185] 


(4.56) 


>1 


where  r  is  the  active  resistance  of  one  phase  of  the  Inductor. 
The  efficiency  is  at  maximum  when  the  slip  is 


(4.57) 
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where  a ,  is  the  value  of  a  at  s  -  1. 

Figure  86  shows  theoretical  curves  of  the  electromagnetic  pressure  and  efficiency 
for  a  flat  linear  pump  with  ideally  conducting  side  busbars  as  a  function  of  the  average 
velocity  of  the  liquid  metal. 
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Since  p  describes  the  electromagnetic  pressure  developed  by  the  pump,  the  op¬ 
erating  pressure  is  determined  by  subtracting  from  the  electromagnetic  pressure  the 
pressure  drop  in  the  pump  duct  due  to  viscous  friction  and  turbulent  mixing 

;»  />-  V 

While  determination  of  Ap  for  DC  electromagnetic  pumps  is  quite  easy  and,  in  the 
case  of  flat  channel,  can  be  done  by  means  of  formulae  of  Chapter  2,  In  our  case  the 
problem  is  much  more  difficult. 


Fig.  86.  Theoretical  elec¬ 
tromagnetic  pressure  and 
efficiency  of  a  flat  linear  In¬ 
duction  pump. 

inequality  (4. 59),  i.c, ,  they 
librium  is  impossible. 


The  MHD  effects  present  in  induction 
pumps  may  result  *n  mixing  of  the  liquid  metal 
due  to  vortex-iype  electromagnetic  forces  (175). 

From  the  equation  of  momentum  (2, 1). 
we  find  the  condition  for  hydrostatic  equilibrium 
of  a  liquid  subjected  to  electromagnetic  forces 


V;>  \j  x  .% 


(4.58) 


If  the  above  equality  la  not  satisfied,  then  v  >  ( 
and  there  is  no  hydrostatic  equilibrium.  The 
condition  for  disturb&noc  of  hydrostatic  equili¬ 
brium  is  satisfaction  of  the  Inequality 


curl  (curll 


0. 


(4.59) 


Consequently,  if  the  electromagnetic 
forces  determined  unoer  condition  v  =  0  satisfy 
are  not  potential  but  vortex  forces,  then  hydrostatic  equi- 


In  a  flat  induction  pump  with  a  two-sided  inductor  and  highly  conducting  lateral 
busbars  we  find  that  In  the  general  cast  at  v  -  0  the  magnetic  flux  density  vector  has 
two  components  in  the  liquid  metal  B  (i,  x,  t)  and  3  Ji,  x,  t).  In  this  esse 

*  A 


curl  [curll  t,(  ,  ^  )  1 


(4.60) 
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In  liquid  metal  there  exists  not  only  the  useful  force  but  also  the  force 


J  0  • 
Jy  * 


Since  these  forces  are  periodic,  nonaynchronous  and  out  of  phase,  conditions 


are  created  for  mixing  of  the  metal.  This  is  a  demonstration  of  the  peculiarity  of  MUD 
effects  appearing  in  liquid  metals  flowing  in  traveling  magnetic  fields. 


Paper  [1751  presents  a  discussion  pertaining  to  approximate  computation  of  friction 
losses  in  ducts  of  induction  pumps.  However,  there  is  now  rigorous  experiments',  con¬ 
firmation  of  those  conclusions. 


126 


5.  Application  and  Characteristics  of  Experimental  Electromagnetic  Pumps 

Direct-current  conduction-type  electromagnetic  pumps  are  preferable  for  pump¬ 
ing  low-conductivity  liquid  metals.  In  this  case  these  pumps  have  an  efficiency  higher 
than  induction  pumps  and  have  better  weight  to  dimensions  ratios. 

In  a  number  of  cases  such  advantages  of  conduction  pumps  as  design  simplicity, 
moderate  requirements  as  to  electrical  insulation  (due  to  the  low  supply  voltage  and 
small  number  of  windings  on  the  excitation  coils)  make  DC  conduction  pumps  prefer¬ 
able  even  for  pumping  high-conductivity  liquid  metals  at  high  temperatures.  Pumping 
of  low- conductivity  liquids  (electrolytes)  is  done  only  with  conduction  pumps. 

There  are  many  examples  of  successful  operation  of  DC  conduction-type  electro¬ 
magnetic  pumps  in  pilot  and  regular  production  plants. 

We  now  present  the  basic  specifications  of  a  pump  developed  by  the  Argonne 
National  Laboratory  (USA)  for  the  FLR-I  experimental  breeding  reactor  [156] : 


Working  pressure  p.  Newtons  An2 . (1.5  -  3)*  10s 

Output  Q,  m3/h . 110 


Efficiency  (at  p  =  2.8*  105  NewtonsAn2  and  Q  =  68  m3/hour),  %  .  43 

The  pump  duct  is  made  from  Ni80Cr20  nichrome  with  wall  thickness  of  about  0.  6 
mm.  The  duct  cross  section  in  the  active  zone  is  variable:  duct  height  b  varies  from 
46  to  36  mm,  width  a  ranges  from  74  to  86  mm.  The  pole  shoe  area  is  100  x  380  mm. 
The  excitation  coil  consists  of  two  copper  windings  150  x  150  mm  in  cross  section  and 
is  connected  in  series  with  the  electrodes.  The  power  supply  is  a  solid-state  rectifier 
with  U  =  1 V  and  I  =  20,000  A. 

Figures  87  and  88  show  experimental  curves  of  p  -  f(Q)  and  tj  =  <p(Q)  for  this  pump 
when  pumping  Na-K  at  T  =  250°C.  Each  pressure  curv^in  Fig.  87  was  obtained  at  some 
constant  supply  power. 


Fig.  87.  Experimental  curves  Fig.  88.  Experimental 

of  p  =  f(Q)  for  a  DC  conduction-  curve  of  r?  =  <p(Q)  of  a  DC 

type  electromagnetic  pump  pump-  conduction-type  electro- 

ing  Na-K  alloy  at  T  =  250°C.  magnetic  pump  pumping 

Na-K  alloy  at  T  =  250  °C. 
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Figure  89  shows  a  large  DC  conduction-type  pump  with  a  homopolar  generator, 
used  for  the  EBR-II  breeder  reactor  (15G1.  The  basic  specifications  of  this  pump 
arc: 

Working  pressure  p,  Newtons/fo3 .  5.3*  10s 

Throughput  Q,  m5/hour  ,  K . .  .  .  .  2250 

Duct  dimensions  axbxi,  mm .  450  x  150  x  1070 

Duct-wall  thickness,  mm . .  1.6 

The  pump  has  a  novel  current-supply  arrangement  consisting  of  steel  shells 
welded  to  the  side  walls  of  the  duct  and  of  copper  bars,  which  are  inserted  into  these 
shells.  Electrical  contact  is  obtained  by  means  of  a  thin  layer  of  liquid  Na.  The 
liquid-metal  reaction  is  compensated  by  a  return  current  conductor  arrangement. 
The  power  source  is  a  homopolar  generator  (1^  =  2. 5-  10s  A,  XJ/  =  2. 5  V). 

Direct  current  conduction  electromagnetic  pumps  are  successfully  used  outside 
of  the  USSR  for  pumping  liquid  metals  at  temperatures  of  ~800°C.  They  are  cooled 
solely  by  natural  convection  of  the  surrounding  air  and  by  radiation. 


Table  14.  Specifications  of  DC  Conduction-Type  Electromag¬ 
netic  Pumps 
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KEY:  1)  Pump  type;  2)  liquid  metal  pumped;  3)  liquid-metal 
temperature,  °C;  4)  pressure  developed  p^lO'5,  Newtons/te3; 

5)  output  Q,  m3/hour;  6)  pump  supply  contact  voltage,  V;  7) 
method  of  metal-reaction  compensation;  8)  KN;  9)  return  current 
conductors;  10)  Carnallite;  11)  uncompensated;  12)  tapering  duct. 


Tables  14  and  15  present  the  basic  specifications  for  similar  pumps  developed  at 
the  Physics  Institute  of  the  Latvian  SSR  Academy  of  Sciences  [181].  Numerous  cases 
of  successful  use  of  these  pumps  for  pumping  high-temperature  liquid  metals  are 
known  [170,  197,  201,  202,  205]. 
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Fig.  89.  Large  DC  conduction  pump  with  homo- 
polar  generator. 

1)  Liquid  metal  level;  2)  copper  bars;  3)  liquid 
metal  filled  cavity;  4)  driving  motor;  5)  magnetic 
core;  0)  pump  duct. 
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Table  15.  Overall  Dimensions  of  Type  KN  Conduction  Elec¬ 
tromagnetic  Pumps. 
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KEY:  1)  Pump  type;  2)  overall  dimensions,  mm;  3)  approxi¬ 
mate  weight,  kg;  length;  5)  width;  6)  height;  7)  KN. 


As  an  illustration  we  present  test  data  for  one  of  DC  conduction-type  electromag¬ 
netic  pump  1205],  designed  for  pumping  Na  and  Na-K  alloy  at  T  =  700*C: 

Developed  pressure  (for  I  =  10,000  amps)  p.  Newtons  An*  .  .  .  3*  10s 


Output  Q,  mtyhour  .  ,  . . 25. 2 

Supply  voltage,  U,  V .  0.6 

Duct  dimensions  a  x  b  xi,  mm  ............  82  x  16  x360 

Duct-wall  thickness,  mm .  n  .7 

Duct-wall  material  . Kh  18N9T  steel 

Number  of  turns  on  the  excitation  winding,  w .  2 


The  power  for  this  pump  is  supplied  by  a  homopolar  generator.  The  test  charac 
teristics  of  this  pump  are  presented  in  Figs.  90  and  91. 


Fig.  90.  Teat  p  =  f(Q)  curves 
for  a  DC  conduction-type  elec¬ 
tromagnetic  pump  for  pumping 
Na-K. 
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Fig.  91.  Test  n  ~  rp( Q)  curves 
for  a  DC  conduction-type  elec¬ 
tromagnetic  pump  for  pumping 
Na-K. 


Experience  with  conduction-type  electromagnetic  pumps  in  the  USSR  shows  them 
still  functioning  satisfactorily  after  more  than  1000  hours  of  operation  [205]. 

Due  to  their  low  efficiency,  AC  conduction-type  electromagnetic  pumps  operating 
at  50  cps  are  used  primarily  in  laboratory  work.  However,  studies  show  [157]  that  in 
large  pumps  the  efficiency  can  be  brought  close  to  that  of  DC  pumps  by  reducing  the 
supply-current  frequency  to  5-10  cps. 

Following  are  the  technical  specifications  for  an  AC  conduction-type  electromag¬ 
netic  pump  combined  with  a  transformer  and  used  for  pumping  mercury  at  T  =  100*C 
[1271: 


Developed  pressure,  p,  NewtonsAn* .  1. 2  *  10* 

Output  Q,  mVhour .  3. 2 

Efficiency,  . . .  6.5 

Duct  cross  section  a  x  b,  mm  . . .  .  24  x  8. 6 

Duct-wall  thickness,  mm .  0. 56 

Input  power  Pj,  kW  .  1. 65 

Power  factor,  cos  <p  .  .  .  .  . .  0. 32 

Overall  dimensions  of  pump,  mm .  220  x  229  x  178 

Pump  weight,  kg . .  39. 5 


The  test  characteristics  of  this  pump  are  given  in  Fig.  92. 

Alternating-current  conduction-type  electromagnetic  pumps  combined  with  a  trans¬ 
former  are  used  in  the  Soviet  Union  for  pumping  the  liquid  Na  at  T  =  300 °C  [208],  The 
basic  data  for  these  pumps  are 


Developed  pressure  p,  N/fcnl  2.5.  10* 

Output  Q,  liter/bec  0.4 

Efficiency  jj,  %  7.7 

Supply  voltage  U,  V  150—200 

Duct  cross  section  a  x  b,  mm  30  x  3. 5 

Duct-wall  thickness,  mm  0. 5 

Number  of  turns  on  primary  transformer  winding  w,  178 

Number  of  turns  on  secondary  transformer  winding  w2  2 


The  test  characteristics  of  this  electromagnetic  pump  at  different  supply  voltages 
ere  presented  in  Figs.  93  and  94.  The  pump  waB  operated  under  test  conditions  for 
over  700  hours. 

If  a  given  liquid  metal  reacts  strongly  with  all  the  electrically-conducting  mater¬ 
ials,  then  one  uses  an  induction  pump.  Such  pumps  are  also  used  when  the  DC  supply 
source  needed  for  a  conduction  pump  is  not  available. 

The  moat  extensively  used  induction  pumps  are  the  flat  and  the  annular  linear  in¬ 
duction  pumps  (FLIP  and  ALIP).  A  diagram  of  the  efficient  range  of  utilization  of 
electromagnetic  induction  pumpB  is  presented  in  Fig.  95  [196]. 
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Fig.  92.  Test  p  =  f(Q) 
curves  for  an  AC  con¬ 
duction-type  electromag¬ 
netic  pump  for  pumping 
mercury  at  different 
numbers  of  ampere  turns. 
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Fig.  93.  Test  p  =  f(Q)  curves 
lor  an  AC  conduction-type 
electromagnetic  pump  for 
pumping  Na. 


Fig.  94.  Test  rj  =  ,/>(Q) 
curves  for  an  AC  con¬ 
duction-type  electro¬ 
magnetic  pump  for  pumn- 
ing  Na. 
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Figure  99  shows  the  results  of  testing  the  IN-10  pump  {200}.  The  duct  of  this 
pump  is  made  from  Kh!8N10T  steel,  and  is  a  flat  slot  180  x  10  mm  in  cross  section. 


Fig.  97.  Test  p  =  r(Q)  Fig.  9*.  Test  j?  =  <M.Q)  Fig.  99.  Test  p  =  f(Q)  curves 

cv  rves  for  a  flat  linear  curve  for  a  flat  linear  for  the  IN-10  flat  linear  induc- 

induction  pump  for  pump-  induction  pump  for  pump-  tion  pump, 

ing  Na.  ing  Na, 


Table  16.  Specifications  on  the  British  Electric  FLIP 
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KEY:  1)  Basic  characteristics:  2)  pump  type;  3)  output.Q, 
ms/hour;  4)  developed  pressure  p*  10-5,  Newtons  An*;  5) 
overall  dimensions,  mm;  6)  total  length,  including  diverging 
duct;  7)  height;  8)  width;  9)  diverging  duct  outlet  diameter, 
mm;  10)  weight,  kg. 
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Table  17.  Specifications  of  FLIP  and  A  LIP  Developed  by  the 
Physics  Institute  of  the  Latvian  Academy  of  Sciences 
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KEY:  1)  Basic  characteristics;  2)  FLIP;  3)  ALIP;  4)  IN;  5) 

SNI;  6)  liquid  metal  pumped;  7)  temperature,  °C;  8)  output  Q, 
m3/hour;  9)  pressure  developed  p  •  10~5  Newtons/in2;  10)  effi¬ 
ciency  ij,  %;  11)  line  voltage,  V;  12)  line  current.  A;  13) 
frequency,  cps;  14)  cos  (P ;  15)  weight,  kg;  16)  net^utput 
power,  kW;  17)  overall  dimensions,  mm;  18)  length;  19)  width; 
20)  height. 


Further  R  x  D  work  on  electromagnetic  induction  pumps  [177]  has  as  a  goal  the  in¬ 
crease  of  their  output  to  2000  ms/hour,  increasing  the  temperature  of  the  pumped  metals 
in  annular  pumps  to  600°C  and  in  flat  pumps  to  1100-15008C,  increasing  the  average  flow 
velocity  of  light  metals  (for  short-duration  work)  to  25-30  m/feec.  Some  requirements 
call  for  operation  with  power  supply  frequency  of  400-500  cps. 
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CHAPTER  5 


MAGNETOHYDRODYNAMIC  SHIP  PROPULSION 


The  increase  in  sailing  range  and  speeds  of  seagoing  vessels  which  occurred 
during  the  past  few  years  has  necessitated  the  development  of  new  propulsion  systems 
primarily  because  of  the  reduction  in  the  efficiency  and  poorer  weight/power  and 
size/power  ratios  of  ship  screw  systems  for  higher  speeds.  Development  of  new 
types  of  engines  is  also  made  necessary  by  need  for  higher  power. 

One  of  the  approaches  to  new-type  propulsion  system  design  is  the  use  of  magneto- 
hydrodynamic  methods,  based  on  the  interaction  of  externally  supplied  currents  or  of 
currents  induced  in  sea  water  with  an  applied  magnetic  field. 

MHD  propulsion  systems  usually  employ  the  same  principles  as  those  governing 
the  operation  of  conduction  and  induction  pumps.  MHD  engines  not  directly  analogous 
to  electromagnetic  pumps  have  also  been  designed. 

The  main  advantages  of  MHD  propulsion  systems  over  ship’s  screws  are;  direct 
utilization  of  the  ship's  electric  power  for  producing  thrust,  as  well  as  radioed  vibra¬ 
tion  and  hydrodynamic  noise  levels.  When  using  high-power  nuclear  generators  and 
with  MHD  generators  utilized  for  converting  the  reactor's  thermal  energy  into  electric 
power,  in  many  ca sec  one  can  also  use  MHD  engines  which  exhibit  much  better  weight 
and  size  ratios  than  bladed  electric  propulsion  motors. 


1.  Induction -Type  MHD  Propulsion  Systems 

One  of  the  first  Induction-type  MHD  propulsion  systems  suggested  was  designed  for 
a  submarine  (2411  end  it  la  shown  schematically  in  Pig.  100.  In  this  arrangement  field 
windings  3,  placed  between  outer  hull  1  and  inner  shell  2  of  the  submarine  produce  a 
magnetic  field  which  travels  from  the  bow  to  the  stem  of  the  ship. 

According  to  Eq.  (2. 4)  an  emf  will  be  induced  in  the  sea  water  and  currents  will  be 
generated,  these  directed  along  circlet  forming  lobes  parallel  to  the  submarine's  hulL 
The  interaction  of  these  currents  with  the  traveling  magnetic  field  results  in  induction 
of  electromagnetic  forces  in  sea  water,  the  direction  of  these  forces  being  the  seme  as 
that  of  the  magnetic  field,  with  Ua  result  that  tht  submarine  is  set  into  motion. 
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Since  the  submarine's  length  exceeds  appreciably  its  width,  in  the  mathematical 
statement  the  problem  reduces  to  an  infinite  cylinder  of  radius  a  with  a  magnetic 
field  traveling  along  its  surface,  with  the  normal  component  of  this  field  on  the  cyl¬ 
inder's  surface  specified  in  the  form 


where  Bm  is  the  maximum  magnetic  induction,  w,  =  2  o/rfi  is  the  angular  frequency 


/ 


a  -  = 


•T 

T 


t  is  the  pole  pitch  and  ft  is  the  frequency  of  the  supply  current.  Here  2Tf,  =  v^, 
where  is  the  linear  velocity  of  the  field. 


Taking  the  curl  of  Eq.  (2.3),  and  substitu¬ 
ting  Eqs.  (2.4)  and  (2.6),  we  get 

_.L  curj  Curl  />  curi  [  j  v  •  --  .(5.2) 

Neglecting  all  the  components  of  the  fluid 
flow  velocity  and  magnetic  induction,  with  the 
exception  of  axial  component  v  and  radial 

component  Br,  as  well  as  assuming  the  flow 

to  be  inviscid,  we  get,  using  Eq.  (2. 5) 

curl  [-o  x  />|  -•  0, 

after  which  Eq.  (5. 2)  takes  the  form 
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Fig.  100.  Schematic  dia¬ 
gram  of  a  free-fisld  induc¬ 
tion-type  MHD  propulsion 
system. 


An  examination  shows  that  the  ratio  of  the  left-hand  to  the  right -hand  side  of 
Eq.  (5.3)  is  of  the  order  of  magnitude  of  M  ooo L2,  where  L  is  the  submarine's  length. 
For  a  submarine  with  L  2*100  m,  with  O  ~  1  (ohm-m)_t,  to  ~  10”1  sec-1  and  ju~  10~6 
henry  An,  jitfwL2  is  of  the  order  of  10-s.  This  being  so  we  may  set 


-  curl  curl  »7  -  0. 

j<a 


(5.4) 


Using  the  assumptions  made  Eq.  (5. 4)  reduces  to  the  form  [241] 

0-nf  ,  i  on,  «•/?, 

•  r  Or  '  '  ,k*  '  '  r'  *  (5.5) 


We  may  set 
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Here  function  F(r)  should  satisfy  the  expression 


<■}.-•  0, 


whose  boundary  conditions  are 


•••  (  >)  n. 

Solving  Eq.  (5,6)  with  boundary  conditions  (5.7)  and  (5.8)  we  get  [268] 


*r\  J  * 

•  V  >  •'  .1 


(5.6) 

(5.7) 

(5.8) 

(5.9) 


where  are  Hankel  functions  of  the  imaginary  argument. 


The  real  part  of  the  radial  component  of  the  magnetic  field  in  this  case  can  be 
calculated  from  the  expression 


‘V). 

1.)  v  1 

Using  Eq.  (5. 10)  the  electric  field  is  given  by 

-v*  v): 

Here  according  to  Ohm's  law  the  longitudinal  electromagnetic  force  is 

'  - ••  j.H,  •  =  uF  %  I,”  |  {<•..•  nt/). 

The  mean  force  exerted  per  unit  submarine  length  is 


(5. 1C) 


(5. 11) 


(5. 12) 


<  /_•  >  •  •• 


(5. 13) 


If  2a/ L  -  1/20,  then  ora  -  2a/L  -  0. 15.  Under  these  conditions  the  integral  in 
Eq.  (5. 13)  has  the  value  0.58,  whence 


h 


(5. 14) 


For  a  submarine  of  length  L  the  thrust  is 


••;h  \!  : 


(5. 15) 
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and  the  drag  is 


d.*  (S.lfi) 

where  cg  «  0.05  is  As  drag  coefficient,  vgub  is  the  submarine  apeed  a>1  Ag  is  the 
maximum  cross  sectional  area. 

For  L  =  200  m,  a  =  5  m,  A  =  75  m*,  ff  =  4  ohm^m”1  and  p  =  10*feg-m“s, 
ing  Eqs.  (5. 15)  and  (5. 16)  we  get 

--  2,1  ■  10'4. 

“iub 

Since  the  power  dissipated  per  unit  volume  due  to  Joule  losses  Pj  is  of  the  order 
of  while  the  useful  power  is  P*  *  <  f  >  vgub  ~  jrVfV^B^,  the  efficiency 

of  this  engine  is  approximately 


Figure  101  shows  the  calculated  t)  of  this  engine  vs  the  magnetic  induction,  construc¬ 
ted  for  different  vgub  =  const. 


Fig,  101.  Free-field  propul¬ 
sion  efficiency  as  a  function  of 
magnellc  induction. 


It  Is  seen  from  these  curves  that  efficient  use  of  this  propulsion  system  witch  prac¬ 
tically  feasible  magnetic  fields  is  lUr'  ted  by  very  low  submarine  speeds.  In  addition, 
approximate  calculations  show  that  with  the  present  state  of  art  the  coil  dimensions 
will  be  excessively  largo. 
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.‘Figure  102a  shows  a  schematic  of  a  duct-type  induction  engine,  whose  design  is 
&lar  to  that  of  an  annular  linear  induction  type. 


Fig.  102.  Schematic  diagram  (a)  and  idealized  scheme 
(b)  of  a  duct-propulsion  system. 


:  In  the  case  at  hand  the  outer  hull  and  inner  shell  2  of  the  submarine  serve  as  the 
tern's  magnetic  circuits,  with  annular  duct  1  situated  between  them.  Winding  3, 
Iducing  a  magnetic  field  traveling  from  the  bow  to  the  stem  is  placed  in  slots  of 
hull  and  shell.  Living  quarters  4  are  situated  in  the  inner  shell.  The  duct  system's 
antage  over  the  free  field  system  is  the  possibility  of  obtaining  higher  magnetic  in- 
tion  and  efficiency  in  the  former. 

Due  to  the  fact  that  this  kind  of  propulsion  system  has  a  design  identical  to  that  of 
alar  electromagnetic  pumps,  we  can  use  the  theory  for  ALIP  [167J.  In  particular, 
magnetic  field  of  currents  in  an  inviscid  conducting  fluid  should  be  described  by  a 
lar  magnetic  potential  0 ,  satisfying  the  Laplace  equation 


-h\r  tr  )  •  °- 


\c  0  should  be  expressed  by 


(5. 18) 


(5. 19) 


Function  F^  must  satisfy  the  ordinary  differential  equation 


i 


<!r'- 


1  j!F,n 
1  dr 


-  n'F„  -  0. 


(5.20)  : 

Best  Available  Cop) 
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where 


IS  Am  is  the  amplitude  of  the  electric  field  strength,  induced  in  the  fluid  by  the  coil's 
field. 

The  final  expression  for  J  has  the  form 


|  ijvo.'tVjG 


(5.27) 


The  useful  engine  force  is  produced  by  interaction  between  the  coil's  magnetic 

field  and  the  active  component  J  of  current  j  : 

ma  m 


i' Wj..,  ire*5  ij>, 


(5.28) 


where 


...  t 

Cl's;.’  -  ■; 

J  I  i  ijl.cv'i'l 

Since  6  «r,,  r2l  then  we  may  consider  the  equations  of  a  flat  channel  instead  of 
an  annular  one,  which  appreciably  simplifies  the  relationships,  hi  this  case  for  a 
submarine  with  diameter  2a  and  length  L  the  thrust  is 

n.y.  (5.29) 

Substituting  L  =  100  m,  a  =  5  m,  d  =  0. 5  m,  <r  =  4  ohm_1m,  p  =  10s  kg/fais,  A  -  75  m2 

s 

and  ca  into  Eqs.  (5.29)  and  (5. 16),  we  get 

,1*‘  d.S.  (5.30) 


The  efficiency  of  this  kind  of  propulsion  system  may,  as  before,  be  expressed  approxi¬ 
mately  as 


n (5.31) 

Figure  103  shows  curves  of  efficiency  vs,  magnetic  induction  for  different 

v  .  =  const, 
sub 


With  acceptable  dimensions  of  the  magnetic  circuit,  the  efficiency  of  this  Bystem 
at  speeds  of  approximately  10  knots  does  not  exceed  8%.  In  conjunction  with  this  sug¬ 
gestions  have  been  made  abroad  to  combine  the  above  system  with  a  propeller. 
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Fig.  103.  Duct  propulsion 
efficiency. 


2.  Conduct! Mi-Type  MHD  Propulsion  Systems 

Free-Held  and  duct  propulsion  system  may  also  be  designed  for  a  constant  mag¬ 
netic  field  [242].  A  schematic  of  such  a  free-field  system  is  shown  in  Fig.  104.  hi 
this  case  the  surface  of  outer  shell  1  is  covered  by  lammellar  magnet  poles  2  and 
electrodes  3  of  alternating  polarity.  The  sequence  in  which  these  are  alternated  in  a 
given  direction  determines  the  exponential  decay  of  electromagnetic  forces  in  the  direc¬ 
tion  perpendicular  to  the  shell  of  the  propulsion  system,  with  a  characteristic  decay 
length,  equal  in  order  of  magnitude  to  the  pole  alternation  pitch  [269].  When  the  force 
is  sufficiently  strong,  the  longitudinal  electromagnetic  forces  will  determine  the  system's 
thrust. 


) 


Fig.  104.  Schematic  dia-  Fig.  105.  Schematic  dia¬ 
gram  of  a  free-field  oou-  gram  of  a  duct  conduotion- 
ductlon-type  MHD  propul-  type  MHD  propulsion  system. 
•Ion  system. 


A  ocoducti on-type  duct  propulsion  system  is  shown  schematically  in  Fig.  105.  In 
tills  case  between  outer  hull  1  and  inner  shell  2  of  the  submarine  are  plaoed  bar-shaped 
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permanent  magnets  3  or  electromagnets,  which  produce  an  azimuthal  magnetic  field  in 
the  annuli.  The  hull  and  shell,  isolated  by  means  of  special  liners  4,  serve  as  elec¬ 
trodes  to  which  is  supplied  a  potential  difference  produced  by  passing  current  through 
sea  water  in  the  annuli.  The  interaction  of  externally  supplied  current  and  the  applied 
magnetic  field  produces  an  electromagnetic  force  field  which  determines  the  system's 
thrust. 

Due  to  low  conductivity  of  sea  water  and  to  low  magnetic  Induction  which  is  pro¬ 
duced  by  ordinary  magnet  systems,  the  efficiencies  of  these  systems  are  low.  How¬ 
ever,  it  may  be  improved  appreciably  by  using  superconducting  magnets  which  yield 
inductions  of  approximately  10  tesla. 


Fig.  106.  Schematic  view  of  an 
MHD  duct  propulsion  system  with 
superconducting  magnets. 


An  MHD  propulsion  system  with  superconducting  magnets  was  recently  analyzed  by 
R.  A.  Doragh  [244]  [the  version  considered  being  called  MHD  pump-Jatl.  ft  is  depicted 
schematically  in  Fig.  106.  Its  principal  elements  are:  1  pump- Jet  channel  1  with  elec¬ 
trodes  to  which  a  potential  difference  is  supplied  from  a  dc  source  contained  in  the  sub¬ 
marine,  superconducting  field  coils  2  held  in  inner  Dewar  4  and  producing  magnetic 
Induction  of  the  order  of  10  tesla  in  the  channel;  magnetic  shield  4  for  protecting  the 
living  quarters  from  magnetic  field  and  for  preventing  the  submarine's  detection  by 
the  magnetic  leakage  flux.  A  diffuser  section  is  provided  at  the  inlet  and  a  nozzle  sec¬ 
tion  at  the  outlet  to  provide  for  the  necessary  differences  in  crocs  section. 

The  system's  operating  principle  is  as  follows:  sea  water  at  ambient  pressure  and 
at  a  velocity  head  la  imparted  a  hydrostatic  head  hy  electromagnetic  forces;  this  head 
iB  converted  to  an  additional  velocity  head  in  the  nozzle  section.  Thrust  is  provided  by 
change  in  the  momentum  from  inlet  to  outlet  of  the  channel. 
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Table  18.  MHD  Submarine  Propul¬ 
sive  Power 


CmpocTk 
MU,  yuu 

«) 

3t4eKTN»Ha* 

MOU&HOCTfe 

k§ m 

a> 

ynop. 

H 

« 

5 

63,8 

1,36- 10* 

30 

3  500 

1,82  10* 

30 

3  800 

4.35- 10* 

50 

50  600 

1,0810* 

100 

374  0C0 

3,97- 10* 

KEY:  1)  Speed,  knots;  2)  effective 
power,  kW;  3)  thrust,  H  (in  Newtons) 


R.  A.  Doragh  made  calculations  for  a  submarine  with  2000  ton  displacement  and  a 
length  of  64. 2  m.  The  length  to  diameter  ratio  was  L/D  =  7  and  die  prismatic  coeffi¬ 
cient  was  0.6.  His  results  are  tabulated  in  Table  18.  The  calculations  were  made  on 
the  assumption  that  the  system's  thrust  is  equal  to  the  submarine's  drag. 

The  thrust  was  calculated  from 

T  cQ.'o,  (5.32) 

where  Av  is  the  velocity  change  in  Jet. 

The  hydraulic  efficiency  was  calculated  from  this  thrust 

•V  33) 

where  y  is  the  fluid's  density  and  is  the  thrust  developed  in  the  channel  (pumping 
head  of  pump  section]. 

The  electrical  efficiency  was  calculated  from  this  pumping  bead 


n,  «■»« 

where  U  is  the  potential  difference  across  the  electrodes,  while  I  Is  the  current  moving 
through  them. 

The  overall  efficiency  was  obtained  by  multiplying  Eqs.  (5. 33)  and  (6.34) 


1  •’  W’ 


Vf' 


(5.36) 


The  thrust  of  the  pump- Jet  was  approximately  determined  from  Bernoulli's 
aquation 


", 


O  "t. 


(5.36) 
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where  v  ^  and  v0  are  the  outlet  and  Inlet  sea  water  velocities,  and  p0  are  the 
corresponding  pressures;  zQut  and  z0  are  the  corresponding  hydrostatic  heads  above 
datum,  and  represents  MHD  losses  in  the  channel  ami  inlet  and  outlet  losses. 

All  the  terms  of  Eq.  (5.36)  were  determined  from  a  complete  system  of  MHD 
equations,  using  an  electronic  computer.  Values  of  electrode  voltage,  current  den¬ 
sity,  hydraulic,  electrical  and  overall  efficiencies  were  obtained  as  a  result. 

Figure  107  gives  the  total  efficiency  of  the  MHD  pump-jet  as  a  function  of  sub¬ 
marine  speed  for  various  B0  =  const.  The  dashed  lines  in  the  figure  are  for  r)g.  The 

graphs  were  constructed  from  the  following  starting  data;  channel  length  15.3  m, 
channel  area  6.98  m2,  diffuser  ratio  1.05,  jet  [nozzle]  ratio  1.49. 

It  follows  from  the  above  data  that  the  overall  efficiency  of  an  MHD  pump- jet  with 
superconducting  magnets  can  be  quite  high. 


Fig.  107.  Efficiency  of  MHD 
pump- jet  with  superconducting 
magnetic  circuit. 


A  study  was  also  made  of  the  noise  level  of  the  MHD  propulsion  sy  stem,  which 
showed  that  its  noise  level  is  20  dB  lower  than  that  of  a  propeller. 

At  the  same  time  it  should  be  noted  that  realization  of  this  system  involves  solving 
s  number  of  scientific  and  technical  problems,  the  major  ones  being 

a)  design  of  superconducting  magnets  capable  of  producing  strong  magnetic  fields 
in  large  volumes; 

b)  developing  s  control  system  providing  for  effective  protection  of  windings  sod 
for  reliable  control; 

c)  developing  an  effective  system  for  removing  gases  produced  at  electrodes  by 
electrolysis; 

<0  producing  an  optimal  Dewar  and  cryogenic  system  for  maintaining  the  necessary 
temperatures. 
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3.  Perlataltlc  MHD  Propulsion  Systems 


All  the  MHD  propulsion  systems  examined  above  Involve  direct  interaction  of 
externally  supplied  currents  or  of  currents  induced  in  the  sea  water  with  an  applied 
magnetic  field.  Efficient  operation  of  these  systems  in  the  relatively  low-conductivity 
sea  water  requires  very  large  magnetic  fields. 

ft  is  possible,  in  principle,  to  design  an  efficient  propulsion  system  with  ordinary 
magnets,  using  a  special  compressor  which  would  act  on  sea  water  by  means  of  an 
Intermediate  high -conductivity  fluid  [243].  The  advantage  of  this  system  is  the  inde¬ 
pendence  of  its  operation  on  the  sea  water  conductivity. 

A  peristaltic  MHD  propulsion  system  is  depleted  schematically  tn  Fig.  108.  It 
consists  of  annulus  1  with  a  multiphase  winding  placed  in  its  slots;  annular  sump  2 
filled  with  high-conductivity  fluid  (liquid  metal),  and  duct  3  filled  with  low-conductivity 
fluid  (sea  water).  The  highland  low-conductivity  fluids  are  separated  by  an  impermeable 
flexible  membrane. 

The  field  winding  produces  a  magnetic  field  moving  along  the  duct  axis,  and  closed 
azimuthal  currents  are  induoed  in  the  high-conductivlty  fluid,  these  interact  with  the 
traveling  field  thus  generating  axial  and  radial  electromagnetic  force  components. 

The  axial  velocity  of  the  conducting  fluid  averaged  across  its  annulus  [per  cycle), 
is  zero,  since  it  is  constrained  by  end  partitions.  An  axial  pressure  gradient  is  thus 
produced  in  the  conducting  fluid  and  it  balanoes  the  axial  force  component,  which  is 
expressed  by 


This  pressure  gradient  is  transmitted  to  the  pumped  fluid  vis  the  mechanical  coupling 
between  the  fluids.  If  **»  radial  fbroes  in  the  conducting  fluid  are  sufficient  to  pinch 
jtMi  trap  the  pumped  fluid,  the  ensuing  motion  of  the  latter  will  consist  of  trapped  pack¬ 
ets  of  fluid  traveling  at  the  speed  of  the  flexible  membrane  against  the  pressure  gradient 
induoed  la  It  by  axial  body  foroes  induoed  in  the  conducting  fluid,  whenoe  the  name  peri¬ 
staltic  is  derived. 


Fig.  108.  Schematic  diagram  of  a 
peristaltic  MHD  propulsion  system. 
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The  theoretical  analysis  of  the  operation  of  this  typo  of  propulsion  system  is  quite 
'  complex  (243].  Hence  we  restrict  ourselves  to  consideration  of  only  approximate  re¬ 
lationships  which  describe  its  operation. 

For  a  propulsion-system  leng~v^,  cross  sectional  area  of  water  annulus  A  and 
conducting-fluid  annulus  thickness  h,  the  total  axial  force  produced  by  the  system  can 
be  written  as 


(5.37) 


where  a  is  the  wave  number;  orh  is  a  dimensionless  parameter;  0  -  ^mXs  *s  ^  Prot*“ 


act  of  magnetic  Reynolds  number  and  the  slip;  s  =  (v^.  =  v)/V^:  Vj.  is  the  traveling-wave 
velocity;  v  is  the  maximum  velocity  of  the  conducting  fluid,  and  R  .  -  nn(rio/a2  is  the 
fluid  magnetic  Reynolds  number,  based  on  wave  speed  and  wavelength. 


Fig.  109.  Dimensionless  function  [axial  body 
force]  G,  vs.  0  . 


A  plot  of  dimensionless  function  Gj  as  a  function  of  0  for  certain  values  of  dimen¬ 
sionless  parameter  orh  is  given  in  Fig,  109.  The  dashed  line  gives  the  envelope  of  the 
given  family  of  curves.  Function  G,  has  a  maximum  (0.0553)  for  0^  =  4. 12  and 

(orh)  =0.309. 
opt 

The  total  power  supplied  to  the  conducting  fluid  is  equal  to  the  pumping  power  and 
the  Joule  heat  losses. 

Efficiency  ne  of  an  electromechanical  converter,  which  is  the  ratio  of  the  pumping 
power  to  the  total  power,  is  approximately  expressed  in  the  form 

i 

,  .>  V’  (5.38) 

V 
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where 

t  [2  \  '?.  oi*  ;  l)v*i>«A.  . 

If  we  denote  the  mass  rate  of  flow  through  the  system  by  m,  the  exit  velocity  by 
v,.  and  assume  the  exit  pressure  equal  to  the  free-stream  static  pressure  p^,  then 

the  propulsive  force  will  be  determined  by  the  change  tn  momentum 

T  ««(«’, -ejj,  (5.3*) 


where  v  ^  Is  the  submarine  speed. 

Examining  the  ratio  of  the  work  performed  during  unit  time  1  v  ^  to  the  sum  of 
the  performed  work  and  the  kinetic  energy  in  cocurrent  flow.  t.e. ,  Tv^  +  1/2  m 
(v,  -  v>ub),  and  using  Eq.  (5.3*)  we  get  that  the  overall  eSlciency  is 


H 


(5.40) 


In  order  to  impart  constant  translational  velocity  to  the  submarine,  the  propulsive 
thrust  should  be  equal  to  die  vessel's  drag 


i  •■'Us 

<V*i  ,  • 


(5.41) 


If  p,  is  the  minimum  permissible  pump-inlet  pressure,  then  the  maximum  per¬ 
missible  fluid  velocity  may  be  obtained  from  Bex  noul  Ill's  equation,  written  for  flow 
at  infinity  and  in  the  pump 


/»-  !  .)  0^  /»  i  J  cv?.  (6.43) 

Tbe  free-atream  static  pressure  may  be  written  as 

!>.  r<>  (,t  I  rf.).  (5.43) 

where  d  is  the  water  depth,  while  d.  Is  the  depth  of  equivalent  water  oorreepondtag  to 
atmospheric  pressure. 

We  heve  from  Eqe.  (5. 43)  and  (5. 43)  that 


Equations  (5.37),  (5.3*),  (5. 41)  and  (5. 44)  can  be  used  for  obtaining  e  number  of 
approximate  relationships  describing  the  ope  rati  on  of  e  peristaltic  propulsion  system. 
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In  particular,  if  p,  v  ,,  rj,  c  A  ,  rn,  l  ,  p„,  d  and  h  arc  specified,  wo  may  obtain 

SU  D  S  S 

the  following  expressions: 

a)  for  the  traveling-wave  frequency 


.?'■)('  :  ';ty 

“  3  \  y%%  .  '  \  V«ub  **»ub/ 


b)  for  the  magnetic-induction  amplitude  at  the  coil  surface 


‘V  (’VOl 7 


I  > 

2* 


'  •  *  t  >  -v*.  \  * 

•  v'  ;  '  •  -  .  \  i;k  '  '•) 


c)  for  the  liquid-metal  conductivity 

„’i  (  •  i:*n -> ,  ,v 

•'  ■ .  .  V'"’* 

d)  for  the  water  annulus^Jhickness 


irJ'i  i-‘M  ?/> 


(5.45) 


(5.46) 


(5.47) 


(5.48) 


Reference  [243]  presents  results  for  a  submarine  and  torpedo.  It  is  assumed  that 
the  submarine  length  is  L  =  114. 6  m,  L/D  =  10  and  v  =  30  knots.  Here  the  length  of 
the  propulsion  system  was  taken  as  0. 5L;  the  torpedo  length  was  5. 33  m«  In  both 
cases  the  minimum  inlet  pressure  p  was  taken  as  zero  and  it  was  assumed  that  the 
thickness  of  liquid-metal  and  sea  water  layers  is  the  same. 

The  field’s  linear  velocity  as  a  function  of  submarine  or  torpedo  speed  are  given 
for  three  submergence  depths  in  Fig.  110.  It  is  seen  from  these  data  that  the  maxi¬ 
mum  permissible  wave  velocity  in  the  system  (from  the  point  of  view  of  cavitation 
prevention)  somewhat  exceeds  the  free-stream  pressure,  but  is  of  the  same  order  of 
magnitude.  As  the  submergence  depth  is  decreased,  the  wave  velocity  approaches 
the  vessel  speed. 

Figure  111  shows  the  required  liquid-metal  conductivity  for  Bonijn  as  a  function 
of  P  .  A  curve  of  77  g  as  a  function  of  dimensionless  parameter  y  [complex  separa¬ 
tion  constant]  is  shown  in  Fig.  112. 

It  has  been  determined  that  the  optimum  value  of  y  is  approximately  1.  Then 
rjp  -  0.368.  It  is  possible  to  increase  ne  for  0  <  y  <  1. 


150 


Fig.  110.  Traveling  wave  veloc¬ 
ity  vb.  submarine  speed  for  dif¬ 
ference  submergence  depths. 


mi 


\ 


Fig.  111.  The  required  liquid-metal  conduc 
tivlty  as  a  function  of  ft 


The  optimum  frequency  of  alternating  magnetic  field  for  the  torpedo  is  SO  cps, 
while  for  submarines  it  should  be  lower.  Here  the  magnetic  induction  needed  for  pro¬ 
pelling  a  submerged  body  at  30  knots  should  be  approximately  0. 1-1  tesla,  irrespective 
of  the  body'B  dimensions. 

The  above-described  propulsion  systems  anJ  their  basic  characteristics  describe 
primarily  the  theoretical  possibilities  of  using  MHD  effects  for  propulsion  of  aea-going 
vessels. 
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Tho  need  to  solve  many  scientific  and  engineering  problems  for  practical  realiza¬ 
tion  of  these  systems  makes  their  development  problematic.  At  the  same  time  the  in¬ 
formation  presented  shows  that  extensive  research  is  done  in  many  countries  in  this 
direction.  From  thie  point  of  view  the  dat'  presented  here  should  be  of  some  scientific 
and  engineering  interest. 
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CHAPTER  6 


MAGNET0HYDR0DY1IAMIC  POWER  UNITS 
FOR  MOVING  CRAFT  USE 


For  several  years  now,  development  work  has  been  done  In  the  USSR  and  abroad 
not  only  on  improvement  of  the  a  1  re ady-de ve  1  op* d  MHD  generators,  but  also  on  designs 
for  the  Immediate  future,  among  which  we  can  cite  water-moderated,  water-cooled  or 
gas-cooled  nuclear  propulsion  systems  for  freight  and  passenger  ships,  as  well  as  the 
use  of  direct  conversion  of  energy  of  various  fuels  into  electrical  power  for  use  on 
moving  craft,  primarily  space  craft  and  deep  submersibles. 

A  large  amount  of  complex  scientific  research  and  pilot-design  work  is  done  in 
these  directions  to  solve  the  principal  engineering  and  physical  problems  which  would 
provide  for  effU'iert  utilization  of  the  above  power  converters,  as  well  as  for  determin¬ 
ing  potentialities  of  improving  the  efficiencies  and  increasing  the  capacities  of  these  new 
units. 

/ 

Reliable  and  efficient  operation  of  MHD  facilities  using  an  electrically  conducting 
gas  is  possible  only  at  high  gas  temperatures,  which  is  limited  by  the  available  heat 
resistant  materials.  In  plasma  MHD  generators,  two  kinds  of  energy  conversions  (con¬ 
version  of  thermal  into  kinetic  energy  and  then  of  kinetic  into  electric  power)  are  ob¬ 
tained  using  a  single  working  fluid.  However,  each  of  these  conversions  may  be  attained 
by  using  a  separate  working  fluid  or  by  utilizing  different  aggregate  states  of  the  same 
fluid:  gas  (vapor)  for  converting  the  thermal  into  kinetic  energy,  and  an  electrically  con¬ 
ducting  liquid  for  converting  the  kinetic  (or  pressure)  into  electrical  energy. 

Liquid  metals  as  working  fluids  are  promising  because  their  electrical  conductivity 
is  at  least  four  orders  of  magnitude  higher  than  that  of  ionized  gas.  However,  the  veloc¬ 
ity  of  the  working  fluid  in  such  an  MHD  generator  can  be  by  one-two  orders  of  magnitude 
lower  than  when  plasma  is  used.  Since  the  energy  density  of  an  MHD  generator  is  pro¬ 
portional  to  the  product  CU*  (o-  is  the  electrical  conductivity  and  U0  is  the  fluid  velocity), 
then  a  liquid  metal  generator  can  provide  the  same  power  density  as  a  plasma  generator, 
or  even  a  much  higher  one.  This  also  solves  the  problem  of  materials. 

To  realize  a  power-generating  MHD  unit  employing  a  liquid  metal,  one  must  impart 
to  the  metal  a  given  kinetic  energy  during  momentum  transfer  from  the  expanding  vapor 
of  this  or  some  other  metal;  then  one  must  remove,  either  completely  or  partially,  the 
vapor  from  the  mixture  thus  formed  before  the  entry  of  this  mixture  into  the  MHD  gen¬ 
erator. 
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The  vapor  may  be  separated  from  the  liquid  by  condensing  it  during  transfer  of 
heat  to  supercooled  fluid  injected  into  the  chamber,  or  by  mechanical  separation.  De¬ 
pending  on  the  method  used,  the  MUD  generator  may  operate  on  two  principles:  with 
condensation  (Fig.  113)  and  with  separation  (Fig.  li4).  The  working  fluid  in  the  first 
arrangement  may  be  a  single  fluid  which  exists  In  different  states  at  different  points  of 
the  loop.  In  the  second  arrangement  the  working  fluid  may  be  either  a  single  liquid,  or 
two  immiscible  liquids. 
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In  these  arrangements  the  MHD  gener¬ 
ator  may  be  placed  in  any  point  of  the  liquid 
loop  and  operate  with  a  vapor  fraction  or 
without  it,  using  the  pressure  of  the  working 
fluid  in  the  form  of  a  velocity  head  or  in  the 
form  of  an  ordinary  pressure  drop.  As  can 
be  seen  from  Figs.  113  and  114,  in  both  ar¬ 
rangements  the  metal  flows  continuously  in  a 
closed  two-loop  Bystem. 


.  1 


Fig.  113.  Liquid-metal 
condensing  MHD  cycle. 

1)  Heat  source;  2)  nozzle; 

3)  liquid  injection;  4)  accel¬ 
erating-condensing  device 
(drift  tube];  5)  MHD  gener¬ 
ator;  6)  diffuser;  7)  heat 
removal  (radiator). 


In  the  condensing  arrangement  the  heat 
source,  i.e.,  the  (nuclear)  reactor,  is  placed 
in  the  vapor  loop.  The  liquid  metal  is  heated 
and  partially  vaporized  In  the  reactor  and  then 
supplied  to  a  two-phase  nozzle,  where  it  is 
expanded  with  attendant  conversion  of  a  part 
of  the  thermal  into  kinetic  energy.  Liquid 
metal,  precooled  in  a  radiator,  is  injected 
from  the  liquid  loop  into  the  expanding  vapor. 
The  injected  metal  Is  accelerated  in  the  pro¬ 
cess  of  momentum  transfer  and  the  heat  trans¬ 


fer  attendant  to  mixing  simultaneously  condenses 
the  vapor  phase  of  the  working  fluid.  As  a  result,  the  stream  entering  the  MHD  gener¬ 
ator  is  predominantly  in  the  liquid  phase  and  has  sufficient  velocity  and  electrical  conduc¬ 
tivity.  The  liquid  then  decelerates  through  the  production  of  electric  power  in  the  MHD 
generator  and  is  fed  to  a  diffuser  where  it  is  further  decelerated  and  its  pressure  recon¬ 
stituted.  Part  of  the  liquid  is  then  vaporized  in  the  heat  resouroe  and  returned  to  the 
two-phase  nozzle,  while  the  other  part  is  cooled  in  the  radiator  and  returned  to  the  in¬ 
jecting  condenser.  The  loop  may  include  a  regenerator  for  preheating  that  part  of  the 
liquid  which  goes  to  the  heat  source. 


In  the  separator  cycle  the  heat  source,  i.e.,  the  reactor,  is  placed  In  the  liquid 
loop.  The  liquid  is  heated  in  the  reactor  and  supplied  to  a  mixer  where  the  recycled 
condensate  evaporates  with  attendant  cooling.  Then  the  liquid  is  accelerated  in  a  two- 
phase  nozzle  while  exchanging  momentum  with  the  expanding  vapor,  is  separated  from 
it  in  the  separator,  is  decelerated  in  the  MHD  while  performing  useful  work,  and  is  then 
returned  to  the  reactor  through  a  diffuser. 

The  liquid  circulating  in  the  vapor  loop  flows  from  the  separator  into  a  cooler. 
From  there  it  Is  recycled  as  a  condensate  (by  an  electromagnetic  pump)  to  the  mixer, 
where  it  is  vaporized  by  heat  supplied  from  the  reactor.  The  vapor,  together  wife  this 
liquid,  is  expanded  in  the  two-phase  nozzle,  and  is  then  separated  from  the  liquid  phase 
in  the  separator. 
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Fig.  114.  Schematic  diagram  of  a  liquid-metal 
MHD  generator  with  separation. 

1)  Heat  source;  2)  miser;  3)  nozzle;  4)  separator; 
5)  MHD  generator;  6)  diffuser;  7)  radiator;  8) 
pump. 

KEY:  a)  Vapor  loop;  b)  heat  exchanger;  c)  liquid 
loop. 


To  improve  the  cycle  efficiency,  the  vapor  leaving  the  separator  may  be  passed 
through  a  regenerator,  where  it  cools  by  preheating  the  condensate  leaving  the  radiator. 

Below  we  consider  problems  of  thermodynamic  efficiency  of  an  MHD  generator 
using  the  above  cycles,  the  parts  of  the  system  as  well  as  resets  of  experimental  and 
design  studies.  1 


1.  Liquid-Metal  MHD  Generators 

It  was  noted  previously  that  electromagnetic  pumps  for  liquid  metals  are  revers¬ 
ible  devices,  i.e. ,  they  can  operate  in  the  generator  mode.  For  this  it  suffices  to  set 
the  liquid  metal  in  a  magnetohydrodynamic  channel  into  motion  by  means  of  an  external 
pressure  drop  and  to  short  the  electrodes  (in  the  conduction  type)  through  a  load. 

At  present,  development  work  is  done  on  conduction  as  well  as  induction-type 
liquid-metal  MHD  generators.  The  theory  of  DC  conduction  type  generators  is  the  most 
developed  at  this  time.  These  generators  do  not  differ  in  design  from  DC  oonduotlon- 
type  electromagnetic  pumps. 

Conduction-type  liquid-metal  MHD  generators,  just  as  homopolar  generators,  are 
high-current,  low-voltage  devices.  When  using  ordinary  magnet  systems,  efficient  duct 
design  and  liquid-metal  velocities  of  several  meters  per  second,  the  output  voltage  of 
such  generators  does  not  exoeed  10  V.  Obtaining  a  higher  output  voltage  require#  in¬ 
creasing  appreciably  toe  liquid  metal  velocity  in  toe  duct  or  using  superconductive  mag¬ 
netic  systems  which  yield  high  magnetic  flux  densities. 
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Extensive  theoretical  and  experimental  studies  of  conduction-type  iiquid-metal 
MHD  generator  with  a  divergent  nozzle  duct  were  performed  recently  by  D.  Elliot 
1222J. 

Theoretically  a  generator  with  a  constant-cross  section  duct  is  a  special  case  of 
an  MHD  generator  with  a  diffuser.  The  theory  of  such  an  MHD  generator  is  derived 
by  Elliot  on  the  assumption  that  the  divergence  angle  of  a  constant-height  diffuser  is 
small,  which  makes  it  possible  to  neglect  all  the  velocity  components  of  the  liquid 
metal,  with  the  exception  of  the  axial  component.  A  schematic  of  the  diffuser  of  such 
an  MHD  generator  is  shown  in  Fig.  115. 


Fig.  115.  Schematic  of  diffuser  of  a 
liquid-metal  MHD  generator. 


To  obtain  the  principal  electrical  relationships  of  such  an  MHD  generator,  we 
isolate  in  the  moving  liquid  metal  a  fluid  element  with  width  a  and  cross  section 

The  resistance  of  this  volume  element  and  the  emf  induced  at  its  ends  are 


<  (6.2) 

We  shall  assume  that  the  diffuser  is  flat  (ax»b).  In  this  case  the  electric  fields 
strength  in  the  liquid  metal  may  be  taken  as  constant  (curl  E  =  0).  Then,  in  accordance 
with  Ohm's  low  (2.6)  and  Eqs,  (6.1)  and  (6.2),  the  current  passing  through  our  fluid 
element  is  given  by 

J,  *(',  .'?)  </*<//.  («.3) 

where  V(  t,  ■  t*. 

Joule  losses  in  our  fluid  element  are 

!*>  ,  Art  ■■  J  ('i  W'luU.  (e.4) 

The  current  and  the  Joule  losses  in  a  liquid  element  wtth  dimensions  b  x  a  x  da  are 
given  by 
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Sinoe  the  liquid  is  Incompressible  (dtv  v  =  0),  then  Its  flow  rate  tn  each  of  the 
diffuser's  cross  sections  will  be  oonstant 


>  4 

.fj 

•i  J 


ibt. 


(8.7) 


where  vt  Is  the  avertfB  meisl  velocity,  while  subscripts  1  and  2  refer  to  the  Inlet  and 
outlet  diffuser  cross  sections. 

Upon  substitution  of  Eq.  (6. 7),  the  expression  for  the  current  per  unit  length  of 
the  generator  can  be  written  as 


(8.8) 


where  h  «*  is  the  load  factor. 


When  using  ordinary  magnet  systems  and  high  liquid  metal  velocities,  parameter 
MVR  is  small.  In  this  case  we  can  neglect  IfHD  effects  of  the  first  kind  and  specify 
the  liquid  metal  velocity  distribution  in  the  form  {2»2,  283) 


L  "  (r)r-  <*•’> 

Since  the  diffuser  is  fist,  we  can  set  J  9,  if  **  vs  •  Making  use  of  this,  and  also 

of  the  symmetry  of  the  velocity  distribution,  we  get  the  following  s s  an  estimate  of  tbs 
first  term  in  the  right -band  aids  of  Eq.  (8. 8) 


/(M*“  *)  /r 


7  i  ». 


SUnilsrly,  It  follows  from  Eq.  (8.7)  that 


(8. 10) 


c, r  > 


(8.  il) 
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Substituting  Eqs.  (6.7),  (6.10)  and  (6.11)  into  Eq.  (6.6).  we  find 


(6. 12) 


When  using  superconducting  magnet  systems  and  moderate  liquid  metal  velocities, 
it  may  be  assumed  that  the  (low  is  laminar,  ft  is  easy  to  show  that  in  this  case,  at 
large  Hartmann  numbers,  the  velocity  distribution  can  be  specified  in  the  form 

_  M  * 

1  (6.13) 


Since  in  this  case  the  boundary-layer  thickness  is  of  the  order  of  b/M,  its  thick¬ 
ness  may  be  neglected  as  compared  with  the  duct's  height-  Then,  upon  substitution  of 
Eq.  (6. 13)  we  get 


I 


,S 


(6.14) 


When  using  superconducting  magnets  the  Hartmann  numbers  are  of  the  order  of 
10M04,  by  virtue  of  which  Eq.  (6. 14)  takes  the  form 


And,  similarly,  we  get  from  Eq.  (6.7) 


(6. 16) 

In  this  case  the  Joule  losses  per  unit  generator  length  are  given  by 


(\  ■  k) 


i  J* 


(6. 17) 


R  is  easily  seen  by  comparing  Eqs.  (6, 12)  and  (6. 17)  that  the  flattening  of  the 
velocity  distribution  brought  about  by  the  MHD  effect  of  the  first  kind  reduces  Hie  Joule 
iocses. 

Energy  loeees  in  the  liquid  metal  element  due  to  viacoua  dissipation  can  be  rep¬ 
resented  as 


'NO 


(6. 18) 
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The  surfaoe  friction  factor  X  at  high  liquid  metal  velocities  and  when  using  ordi¬ 
nary  magnets  can  be  obtained  from  Prandtl's  universal  friction  law  {2521.  When  using 
superconducting  magnets  and  moderate  liquid  metal  velocities,  this  factor  should  be 
derived  from  magnetohydrodynamic  formulas. 

Integrating Kqs.  (6.8),  (6. 12),  (6. 17)  and  (6. 18)  from  a  =  0  to  t  =  ^,  we  get  the 
following  relationships  for  the  total  current  and  total  power  losses  in  the  generator  diet: 


/  iw<*  l). 


(6. 18) 


pin  . .  •/l3r2iniM  ~  *)s  I- ,  .  l  1 

1  l  1  03(1 

p<:»  .  u‘1u,,oil,)W  (»  fe)*> 


(6.20) 


(6.21) 


(8.22) 


where 


'  *)  1  \ : A’  *  1  •'  j  (  J  J-)- 


The  output  power  of  the  generator  is  calculated  from 


P,i  - 


0  ‘  *> 


(6.23) 


The  total  losses  of  liquid  metal  energy  in  an  MHD  generator  duct  are  given  by 

P  t*  1  I*  Pj  h  Pt~ 

Here,  for  toe  two  cases  being  dlseusetd,  power  P,e  can  be  expressed  in  the  form 

'•»  *  **%--*{>  i-  ,* ,( L  ■■  »■-*»*  ££ »))> 


* « 


•"C  vi  v  Mi  •  *) 


[*  •  ‘  f( i  if  i  ^>-^1- 

l  (i  -*>o  n 


(6.29 


The  total  losses  are  due  to  changes  in  ton  kinetic  energy  of  toe  liquid  (due  to  reduc¬ 
tion  of  Its  velocity  in  toe  diffuser)  end  of  toe  potential  energy  (due  to  toe  pressure  reduc¬ 
tion  Ap-p,  -p|). 
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The  kinetic  energy  in  any  duct  cross  section  is 


>  I 


0  0 


(6*26) 


Equation  (6.26)  for  velocity  distributions  (6.9)  and  (6. 13)  becomes,  respectively 
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.«*» 
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1,015 


'•'•■a 


(6. 27) 


i  (6.28) 

>4  j  , 

where  m  -  v,p  ab  is  the  mass  rate  of  the  liquid. 

Using  Eqs.  (6.27)  and  (6.28),  the  power  of  the  liquid  entering  the  diffuser  is  given 
by 


i  'J  0,522i»<Ci«i*  [  1  ( 7,  )  J  :  lV'»A  V;  (6.29) 

l'\?  o [  I  (  ••  )*]  '  V-  («•  30) 


From  Eqa.  (6.24),  (6.26)  and  (6.29),  (6.30)  we  gat  expressions  for  the  required 
magnetic  field  flux  density 


>C'  (  ..^V  (i  i)  ; 

if  |  r« i),  v'  - 


(6.31) 


(6.32) 


Due  to  tiie  fact  that  the  electrodes  and  magnet  poles  are  of  finite  length,  as  is  the 
case  in  electromagnetic  pumps,  edge  effects  exist  in  MHD  generators.  Depending  on 
the  magnetic  field  distribution  in  the  edge  zones,  these  effects  may  increase  or  reduce 
the  output  power  of  the  generator  by  the  amount 


*  I 
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(6.33) 


Here  the  required  Input  power  changes  by  the  amount 


“V’.  *  |  tip,  i  PI 

>  a  l  i’» 


(6.34) 
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The  generator  efficiency  may  be  expressed  as 


fOf 


which,  for  the  two  cases  at  hand,  yields 
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If  the  channel  walls,  which  are  perpendicular  to  the  magnetic  field,  are  conducting, 
then  additional  power  losses  must  be  taken  into  account.  In  the  first  approximation,  this 
can  be  dune  by  making  an  appropriate  correction  in  the  load  factor: 


...  h'i  •;» . •  i  . 

'.-.••Vi  .  .  ’’»/  .*»  .  ,  \  ' 


(6. 45) 


where  R.  and  R  are  the  internal  resistance  of  the  generator  and  the  load  resistance; 

in  /  l  ^  w 

<r  and  <r  are  the  wail  and  the  liquid  metal  conduct! vitlea,  and  -K-~  —  is  the  thtckneas 
w  2 

of  the  wall  perpendicular  to  the  magnetic  field. 

All  the  above  relationships  are  valid  for  liquid  metal  MUD  generators  viih  a  con¬ 
stant  cross  section  duct  when 


*'•»  »t  «. 

The  values  of  were  calculated  by  D.  Elliot  (232]  with  the  foltowii^  initial  data: 
ve,  ■»  91.8  m/acc,  a,  -  14.5  mm,  S}  »  24.2  mm,  b  =  8.05  mm,  t ^  148  mm,  s,  -  z,  -  22.5 
mm. 


A  curve  of  q  0)  as  a  function  of  the  load  factor  is  shown  fo  Pig.  116.  Curve  2  is 
for  Inviacld  flow  without  field  extension,  while  curve  1  corresponds  to  data  calculated 
from  Eq,  (  J.  42).  Point  A  was  obtained  experimentally  using  a  model  of  an  MUD  gen¬ 
erator  using  »  NaK  alloy  with  parameters  close  to  those  used  In  calculations  fa,  - 14,7 
mm,  b  -  8,2  mm,  »s  -  24.3  mm.  i  *  148  mm). 
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Fig.  116.  Theoretical  efficiency, 
with  and  without  a  boundary  layer 
and  field  extension,  of  experimental 
MHD  generator  with  diverging  duct, 
as  a  function  of  load  factor. 


legume  11 sh^ws  a  theoretical  curve  of  the  output  power  of  an  MHD  generator  vs. 
the  average  flow  velocity  of  liquid  metal  at  the  diffuser  Inlet.  The  Bame  figure  shows 
experimental  data,  which  are  found  to  be  in  good  agreement  with  the  theory. 

Figure  118  depicts  a  theoretical  curve  of  the  pressure  drop  in  an  MHD  generator 
diffuser  as  a  function  of  length.  It  also  shows  experimental  data  obtained  for  a  given 
magnetic  induction  (Ba  -  0. 6  tesla).  It  is  easy  to  see  that  in  the  range  of  z/£  «  0. 4-C.  S, 
the  dEffer-nce  between  theory  and  experiment  is  approximately  30% ,  which  Is  attribu¬ 
table  to  incomplete  compensation  of  the  liq^.d  metal  reaction. 
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Fig.  117.  Comparison  of 
experimental  and  theoreti¬ 
cal  output  powers  of  ar  MHD 
generator  with  diffuser  vs. 
Liquid  metal  velocity  at  dif¬ 
fuser  inlet. 
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Fig.  118,  Pressure  distri¬ 
bution  in  the  diffuser  of  an 
MHD  generator. 
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Particular  attention  must  be  paid  to  compensation  of  liquid  metal  reaction  in  MHD 
generators.  The  detrimental  effect  of  this  reaction  increases  with  increasing  power  of 
the  MHD  generator.  Tables  19  and  20  present  results  of  calculations  for  two  MHD  gen¬ 
erators  with  constant-cross  section  ducts  in  the  absence  and  presence  of  liquid  metal 
reaction  compensation  [219].  It  follows  from  these  data  that,  all  other  conditions  being 
equal,  compensated  MHD  generators  can  be  made  smaller  and  are  capable  of  handling 
higher  pressure  drops. 

The  liquid  metal  reaction  in  MHD  generators  is  compensated  in  the  same  manner 
as  is  done  with  the  corresponding  electromagnetic  pumps. 

It  should  be  noted,  in  conclusion,  that  a  gas  or  a  vapor-liquid  mixture  may  be 
used  in  MHD  generators  as  a  working  fluid  instead  of  the  liquid  metal. 

Paper  [223]  presents  results  of  experimental  studies  of  an  MHD  generator  with 
a  two-phase  working  medium  (liquid  metal  and  nitrogen).  These  studies  show  that  the 
conductivity  of  this  two-phase  medium  can  be  quite  high  and,  depending  on  the  gas  phase 
fraction  a ,  is  defined  empirically  as 
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Table  19.  Char acte ri sti cr;  of  MHD  Generators  Without  Com¬ 
pensation  of  the  Liquid  MetaJ  Reaction 
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Under  certain  conditions,  the  presence  of  the  gas  phase  in  the  liquid  metal  makes 
it  possible  to  increase  the  generator  efficiency. 

It  is  obvious  that,  due  to  specifics  of  their  operation,  MHD  generators  for  ship¬ 
board  use  should  have  a  number  of  features  distinguishing  them  from  stationary  MHD 
generators.  In  conjunction  with  this,  studies  of  stationary  MHD  facilities  cannot  be 
extended  without  qualification  to  generators  for  vehicular  use. 
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Table  SO,  Characteristics  of  MKD 
Generators  with  Compensation  of 
tie  Liquid  Metal  Reaction 
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An  MHD  generator  for  use  as  a  marine  cower  source  should  have  a  number  of 
spedfio  features  which  are  determined  basically  by  tee  conditions  under  which  such 
power  sources  operate.  Analysis  of  these  conditions  makes  it  possible  to  formulate, 
in  the  first  approximation,  tee  principal  requirements  on  marine  MHD  generators. 

An  MHD  generator  which  is  the  principal  marine  power  source  must  supply  elec^ 
trie  power  to  tho  main  prime  mover  (or  propulsion  electric  motor),  the  electrically- 
operated  auxiliary  mechanisms  and  devices  which  ere  s  part  of  tee  main  power  unit, 
and  to  various  independent  g.  oupa  of  shipboard  devices  or  users. 

Here,  depending  on  the  particular  MHD  scheme  used,  in  addition  to  the  MHD 
generator  proper,  the  MHD  unit  may  contain  also  other  (auxiliary)  electric  power 
sources  (for  example,  a  oonventlonally-drtven  generator,  a  storage  battery).  The  out¬ 
put  of  such  an  MHD  generator  is  determined  as  the  total  power  needed  for  providing  the 
ship’s  propulsion  and  for  supplying  all  the  electric  power  needs,  with  consideration  of 
their  load  balance  and  simultaneity  of  operation. 

The  power  actually  delivered  by  a  marine  MHD  generator  must  vary  depending 
on  the  vessel  speed,  on  the  conditions  under  which  mechanisms  and  devioea  servicing 
tea  main  power  unit  operate,  as  well  as  on  the  mode  of  operation  of  tee  ship's  elec¬ 
trically  powered  devices.  For  different  modes  of  ship  operation  (sailing,  loading,  un¬ 
loading,  etc.)  tee  relationships  between  tee  power  used  by  its  different  subunits  change , 
with  the  power  used  by  cme  kind  of  unit  changing  independently  of  the  power  requirements 
of  others  and  of  tee  power  used  by  tee  main  propulsion  system  (or  main  propulsion  elec¬ 
tric  motor). 

Individual  power-using  units  (or  their  dusters)  use  electric  power  with  different 
parameters  with  permissible  deviations  folly  defined  for  each  unit  (with  reaped  to 
voltage  and  frequency),  ft  is  most  desirable  that  the  MHD  generator  supply  each  inde¬ 
pendent  duster  of  eteotric-power  users  independently. 
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The  marine  MHD  generator  should  have  a  given  margin  of  life  operability. 

Methods  for  achieving  this  have  evolved  from  practice.  The  main  method  is  provision 
for  redundancy  of  all  kinds:  duplication  of  power  equipment  of  die  same  type,  bo  that 
when  a  given  mechanism  breaks  down  it  is  replaced  by  its  back  up  unit;  dividing  the 
total  capacity  of  a  given  power-unit  element  between  several  [smaller]  elements  of  the 
same  type:  upon  breakdown  of  one  such  element,  the  others  supply  sufficient  power  for 
below-capoelty  operation;  and  division  of  the  total  capacity  into  small  units,  simultan¬ 
eously  with  replication  of  equipment,  when  one  element  of  such  a  unit,  supplying  only 
a  part  of  the  total  power,  goes  out  of  servioe,  one  can  restore  total  power  by  actuating 
a  backup  mechanism  (element). 

Due  to  weight  and  spaoe  limitations  it  is  Impossible  to  Install  aboard  a  ship  two 
independent  MHD  generators,  each  capable  of  supplying  the  total  power  and  each  equipped 
with  Its  auxiliaries  and  associated  systems.  This  is  also  useless  since  different  major 
pasts  of  MHD  generators  operate  at  far  different  conditions.  The  most  drastic  operating 
conditions  are  those  prevailing  in  the  MHD  generator  duct,  in  which  flows  a  high -tem¬ 
perature,  high-velocity  working  medium. 

The  requirement  of  flexible  operation  and  adjustability  of  an  MHD  marine  facility 
make  it  necessary  to  combine  hydrodynamic  and  electromagnetic  principles  in  varying 
the  power  of  the  MHD  generator  in  response  to  power  changes  in  the  load  circuit. 

hi  developing  layouts  and  designs  of  marine  MHD  generators  consideration  must 
also  bo  given  to  obtaining  the  highest  possible  efficiencies  at  different  operating  inodes. 

Hie  structural  integrity  and  design  of  a  marine  MHD  generator  should  make  pos¬ 
sible  its  operation  with  the  ship  rolling,  and  at  different  values  of  heeling  and  trim 
difference. 


2.  Liquid  Metal  Condensing  MHD  Generator  [Condensing  Ejector] 

Thermal  Efficiency  of  the  MHD  Unit 

The  MHD  scheme  with  condensation  depicted  in  Fig.  113  was  suggested  by  Jackson 
and  Brown  [231].  A  magnetohydrodynamio  cycle  using  a  two-phase  nozzle  and  condensing 
acceleration  chamber  [henceforth  called  condensing  ejector]  was  described  in  [227],  [230] 
and  [232],  Figure  119  depicts  the  enthalpy-entropy  diagram  for  such  a  unit  under  steady- 
state  conditions. 

The  stagnation  state  and  the  static  state  of  the  vapor  are  shown  on  this  diagram  by 
points  1'  and  2',  respectively.  Analogous  states  of  the  fluid  being  accelerated  are  shown 
by  points  1"  and  2".  Segments  1*-2T  and  l”-2*'  describe  the  kinetic  energies  of  the 
vapor  and  liquid  streams.  The  static  pressure  in  states  2’  and  2’*  and  after  mixing  re¬ 
mains  constant.  The  total  vapor  and  liquid  pressures  at  the  nozzle  Inlet  (in  states  1*  and 
1")  are  assumed  to  be  same,  i.e. ,  the  process  is  assumed  to  occur  without  additional 
losses  (losses  due  to  incompleteness  of  mixing,  flow  friction,  etc.). 

Vapor  at  state  1*  enters  the  nozzle,  Is  expanded,  mixed  in  the  oondenslng  ejector 
[drift  tube]  with  the  fluid  which  is  in  state  1",  and  is  partially  or  totally  condensed. 
Acoording  to  the  law  of  conservation  of  energy,  the  enthalpy  at  termination  of  tile  vapor- 
Uquid  mixing  will  correspond  to  point  a,  located  on  line  l'-l"  in  such  a  manner  that  the 
distance  from  point  a  to  points  1'  and  1”  is  inversely  proportional  to  the  mass  rates  of 
flow  of  the  vapor  and  liquid,  respectively. 
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The  kinetic  energy  of  the  mixed  flow  cannot  be  determined  solely  from  thermody¬ 
namic  laws,  however;  its  maximum  is  limited  by  the  available  enthalpy  difference,  and 
is  depicted  by  segment  ab,  where  b  is  a  point  on  line  2*-2'\  Here,  points  a  and  b  do 
not  deaoribe  the  true  state  of  the  mixed  flow.  In  fact,  since  the  static  pressure  of  this 
flow  is  pj  (see  Fig.  118),  the  stagnation  and  the  static  state  should  be  depicted  respec¬ 
tively  by  points  c  and  e.  Obviously,  stagnation  pressute  p„  at  point  c  is  lower  than  p, 

C  ft 

at  point  a.  In  addition,  by  virtue  of  the  law  of  conservation  of  momentum,  the  kinetic 
energy  of  the  mixed  flow  drops  from  magnitude  oe  to  cd.  Hence  the  static  state  of  the 
mixed  flow  is  displaced  to  point  2  on  the  constant  pressure  line  p*,  while  the  stagnation 
pressure  is  displaced  to  point  1  on  straight  line  2'-l".  Here,  as  was  previously  noted, 
additional  losses  are  neglected. 


Fig.  119.  The  enthalpy-entropy  diagram 
of  an  MHD  condensing  ejector. 


The  mixed  fluid  flow  passes  through  the  MHD  generator,  where  it  performs  useful 
work,  and  then  is  broken  up  into  two  parts,  one  recycled  to  the  heat  source  and  the  other 
to  the  radiator  (where  it  gives  up  its  heat),  ff  frtotion  and  diffusion  losses  are  neglected, 
then  the  pressure  pj  at  the  generator  outlet  obviously  should  not  be  less  than  pt>  and  pj*t. 
Point  3  on  constant-pressure  line  pt,  characterises  the  general  state  of  the  flow  at  the 
generator  outlet.  Segment  1-3  corresponds  to  that  fraction  of  the  total  enthalpy  which 
is  used  for  electrtc  power  generation. 

The  heat  supplied  to  unit  mass  of  working  fluid  is  equal  to  the  enthalpy  difference 
ijf  -  ij.  The  thermal  efficiency  of  the  cycle  is 
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where  i  is  the  specific  enthalpy  at  points  marked  on  Fig.  119  (b'  is  a  point  on  line  l"-2'), 
and  x  is  the  ratio  of  the  vapor  mass  flow  to  the  total  mass  flow  of  the  working  fluid. 


On  the  right  hand  side  of  Eq.  (6.47)  x  is  expressed  in  terms  of  segments  of  the 
enthalpy-entropy  diagram.  The  first  factor  on  the  right-hand  side  is  the  thermal  effici¬ 
ency  of  vapor  expansion  in  the  vapor  nozzle,  while  the  second  denotes  the  efficiency  of 
acceleration  of  the  liquid  flow  during  mixing  with  the  vapor  flow  in  the  condensing  ejec¬ 
tor.  This  ’'bifurcation''  of  the  efficiency  is  obviously  arbitrary  [to  some  extentl.  In  the 
numerator  of  the  thermal  efficiency  of  the  Rankine  cycle,  the  pump  work  (segment  2-3) 
is  subtracted  directly  from  the  turbine  work  (segment  l'-2’>.  However,  in  the  case  at 
hand,  this  cannot  be  done,  since  both  these  types  of  work  are  performed  simultaneously 
upon  mixing  in  the  drift  tube. 

It  should  be  noted  that  the  expression  for  jj  [Eq.  (13)1  in  [2301  is  incorrect.  In  this 
expression  the  numerator  has  ij,  instead  of  ij,  while  in  the  denominator  ij  has  been  re¬ 
placed  by  it  (in  the  notation  used  here),  which  yields  a  somewhat  higher  than  actual  value 
of  rj. 

In  examining  the  flow  of  incompressible  fluid,  Eq,  (6.47)  can  be  transformed  as 
follows.  In  this  case 

e 

where  Ai  and  Ap  is  the  difference  between  the  stagnation  and  static  enthalpy  and  pressure 
and  p  is  the  liquid  density. 

Since  p8  =  p,»  and  p*  =  p2n  (see  Fig.  119)  then,  neglecting  density  changes  in  the 
liquid  phase,  we  have 
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where  v"  is  the  velocity  of  the  driven  fluid. 
By  definition  of  the  enthalpy 
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where  v’  is  the  velocity  of  the  driver  flow,  and  v  is  the  velocity  of  the  mixed  flow. 
From  the  law  of  conservation  of  momentum 
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The  hurt  term  of  the  second  expression  characterizes  kinetic  energy  ioasea  in  the 
process  of  mixing  the  liquid  and  rapor  working- medium  phases. 


Using  the  above  expressions  and  transforming,  we  have 
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Substituting  the  above  value  of  it  -  ij  into  Eq.  (6.47),  we  find  that  the  thermal  efficiency 
of  the  cycle  is 
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(6.51) 


The  first  factor  in  the  right-hand  side  of  this  expression  is  the  efficiency  of  the 
Rankine  cycle  (which  is  used  in  the  heat-source  loop  in  order  to  convert  the  thermal 
energy  into  kinetic  energy  of  the  vapor  Jet),  while  the  second  factor  is  the  efficiency  of 
acceleration  of  the  mixed  flow. 


The  thermal  efficiency  of  a  unit  using  the  above  scheme  can  be  improved  by  using 
a  regenerator.  For  this  purpose,  the  heat  of  the  fluid  leaving  the  oondenetng  ejector  at 
a  sufficiently  high  temperature  is  recirculated  and  used  for  preheating  that  part  at  the 
fluid  which,  upon  leaving  the  MHD  generator,  la  recycled  to  the  heat  source.  An  MH D 
generator  with  a  regenerator  la  shown  in  Fig.  120  (230]. 


'■Cir 

Fig.  120.  Schematic  of  a  con- 
denalug  Uquid-metal  1!HD  gener¬ 
ator  with  regeneration. 

1)  Reactor;  2)  pump;  3)  boiler;  4) 
condensing  ejector  (drift  tube);  5) 
radlator/booler;  6)  and  7)  MHD 
generators;  8)  regenerator;  9) 
Joule-Tfcomsoc  valve;  10)  diffuser. 
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It  should  bo  noted  that  heat  regeneration  in  the  above  cycle  cannot  be  implemented 
in  a  manner  similar  to  regenerative  heating  of  feedwater  in  the  Rankine  cycle.  This  is 
due  to  the  fact  that  the  minimum  temperature  T2  at  which  the  liquid  being  preheated 
enters  the  regenerator  must,  in  this  arrangement,  be  appreciably  below  the  minimum 
temperature  T2"  of  the  liquid  in  the  cycle,  with  the  result  that  the  regenerating  effect 
cannot  be  fully  utilized.  This  limits  the  possibilities  of  increasing  the  efficiency  of  such 
a  cycle  by  using  a  regenerator. 

Returning  to  the  analysis  of  the  efficiency  equation,  we  see  that  the  efficiency  of 
acceleration  of  the  mixed  flow  in  the  condensing  ejector  depends  on  the  ratio  of  the  mass 
flows  of  the  vapor  and  the  total  liquid  mass  flow  x,  and  on  the  ratio  of  velocities  of  these 
flows  v"/V\  The  larger  the  x,  the  higher  the  efficiency  of  the  acceleration  process. 
However,  the  allowable  value  of  x,  due  to  the  necessity  of  providing  a  fully  specified 
liquid  subcooling  during  mixing  (in  order  to  eliminate  undesirable  thermal  losses),  is 
limited  by  the  requirement  that  the  mixed  flow  should  not  boil. 

Each  value  of  x  and  each  selected  value  of  pressure  p2  has  corresponding  to  it  an 
optimal  value  of  v"/V',  for  which  the  efficiency  of  the  acceleration  process  is  at  maxi¬ 
mum.  It  is  defined  by  the  expression 


Here  the  efficiency  of  the  acceleration  process  is 


Figure  121  shows  curves  of  efficiency  17  as  a  function  of  ratio  v'’/V'  for  different 
values  of  x.  The  optimum  values  of  rje  lie  on  the  dashed  line. 

If  we  consider  changes  in  the  working  fluid's  density  in  the  liquid  phase,  then, 
instead  of  Eq.  (6.48),  we  have 
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Here  the  thermal  efficiency  the  cycle  will  be  somewhat  below  its  value  calculated 
from  Eq.  (6.51). 

In  [2331  it  is  pointed  out  that  analysis  of  cycles  for  a  number  of  liquid  metals  and 
for  a  combination  of  two  such  metals  shows  that:  1)  the  optimum  thermal  cycle  effici¬ 
encies  arc  obtained  when  the  weight  of  vapor  fraction  in  the  working  fluid  is  not  more 
than  10-15%;  2)  the  cycle  efficiency  is  directly  proportional  to  the  working  fluid  specific 
heat,  and  is  Inversely  proportional  to  its  latent  heat  of  vaporization. 

Figure  122  compares  cycles  of  a  condensing  MHD  generator  and  of  a  steam- 
turbine  unit  by  means  of  an  s  -  T  -  v  diagram.  The  T-s  diagram  is  given  in  Fig.  123. 

The  working  fluid  leaves  the  MHD  generator  in  state  1  and  flows  to  the  diffuser, 
where  the  pressure  rises  to  a  value  corresponding  to  the  reactor  temperature  T^ 

(segment  1-2).  Between  states  2  and  3  the  liquid  is  heated,  vaporized  and  converted 
into  a  [mist]  two-phase  mixture.  The  flow  expands  and  is  accelerated  in  the  nozzle 
(3-4  *),  reaching  the  lowest  cycle  temperature  at  point  4*.  Then  the  vapor  phase  of  the 
working  fluid  is  condensed  at  segment  4M  *  where  heat  is  removed  from  the  cycle. 
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Fig.  121.  Efficiency  of  accel¬ 
eration  in  drift  tube  va.  the 
vapor/liquid  velocity  ratio  (at 
various  flows  of  the  same) 


Fig.  122.  s  -  T  -  v  diagrams  of  energy  conversion 
in  an  MHO  converter  and  in  a  steam  turbine. 


Then  the  liquid,  which  has  &  sufficiently  high  velocity,  enters  the  MHD  generator  in 
state  1*.  The  solid  line  in  Fig,  122  depicts  the  energy  conversion  in  a  steam  turbine. 
The  difterenoe  between  these  two  processes  of  energy  conversion  is  tn  the  different 
sequences  of  condensation  and  energy  extraction.  In  the  turbine,  the  energy  is  extrac¬ 
ted  before  condensation,  i.e. ,  when  the  working  fluid  is  tn  the  vapor  phase.  In  the  MHD 
generator,  file  useful  energy  of  ths  cycle  is  extracted  after  condensation,  when  the  work¬ 
ing  fluid  is  liquid. 

The  projections  of  the  above  energy  con¬ 
version  pvooesses  on  a  two-dimensional  T-s 
diagram  are  depicted  in  Fig.  122  and  consist 
of  s  Rankins  cycle  (the  figure  refers  to  MHD 
eyele  using  Hg,  and  s  steam  turbine  cyele, 
where  TQr  is  ths  critical  water  temperature). 

The  highest  temperatures  TR  and  the  mini¬ 
mum  temperatures  Tm(n  of  both  cycles  are 

the  same  and,  consequently,  the  Carnot 
efficiency  of  both  processes  is  the  same. 

However,  the  thermal  efficiency  of  the  steam 
cycle  is  lower  than  that  of  file  MHD  converter 
operating  on  Hg,  due  to  the  higher  avorage 
temperature  Tm  of  the  metal  as  oompared 

with  Tv,  ths  average  temperature  of  the 

steam  cycle. 
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Fig.  123.  Ranklne  cycles  for 
Hg  and  HjO  at  TR  >  Tcr  (of  H|0). 


-  -Hg; 


H,0. 


•  Translator's  Note:  v  hare  denotes  velocity  and  not  volume.  In  the  origins! 
wording  of  (232),  Ossohwindlcelt  (velocity)  v. 
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In  the  case  of  the  Hg  cycle,  no  superheating  is  needed,  since  all  metals  have 
sufficiently  high  critical  temperatures.  The  left  boundary  curve  for  metala  is  very 
steep,  which  makes  the  thermodynamic  efficiency  of  the  metal  cycle  close  to  that  of 
the  Carnot  cycle,  tn  addition,  the  power  density  of  the  turbine,  even  in  die  case  of 
high  steam  superheat,  is  several  orders  of  magnitude  lower  than  in  the  MHD  generator. 


Thermodynamic  Acceleration  of  the  Liquid 
in  the  Condensing  Cycle 

The  moat  complex  problem  tn  the  condensing  cycle  Is  thermodynamic  acceleration 
of  the  liquid  metal  upon  mixing  with  the  vapor  of  the  same  metal,  the  vapor  condensing 
during  this  heat  transfer.  Let  us  consider  the  mixing  in  the  drift  tube  of  the  condensing 
ejector. 

The  high  velocity  of  the  "hot”  stream  as  compared  with  that  of  the  cold,  and  the 
consequent  high  impact  tosses,  mean  that  the  hydrodynamic  efficiency  of  the  accelera¬ 
tion  will  be  low  if  a  single  constant-pressure  injection  of  liquid  into  the  vapor  stream 
is  used. 

The  efficiency  of  the  thermo-kinetic  process  in  the  mixing  section  of  the  ejector 
can  be  improved  by  using  the  so-called  thermodynamic  m-i  transformation.  The  basic 
idea  of  this  transformation  is  stepwise  supply  of  the  subcooled  liquid  to  the  expanding 
mixed  stream  in  order  to  convert  the  available  enthalpy  drop  Into  Idnettc  energy  of  the 
liquid  stream,  with  an  increasingly  higher  flowrate  at  each  stage. 

The  condensing  ejector  was  analysed  in  extensive  detail  using  computers  (233], 

The  process  was  examined  in  the  following  sequence:  the  two-phaae  medium  is  expanded 
tn  a  supersonic  noaale,  a  low-temperature  liquid  metal  ia  continuously  injected,  momen¬ 
tum  exchange  takes  place  between  the  phases,  and  the  vapor  (a  condensed.  This  was  done 
for  different  inlet  variables,  amounts  of  v»u>r  along  the  noaale  and  In  the  mixing  part  of 
the  condensing  ejector,  injected-motal  flo' •rates  and  temperatures,  and  different  pres¬ 
sures. 

The  analysis  showed  thut  continuous  injection  of  the  liquid  metal  increases  the 
cycle’s  therms!  efficiency  by  about  10%,  as  compared  with  that  of  the  cycle  with  single 
isobaric  injection  of  the  total  amount  of  liquid  metal. 

To  determine  the  losses  tn  the  mixing  section,  let  ua  consider  the  Idealised  liquid 
acceleration  with  an  Infinite  number  of  liquid-injection  points  1227), 

A  stream  with  mass  rate  Ax'  upon  passing  through  the  reactor  expands  from  Initial 
state  l*  (fig.  118)  using  s  certain  portion  of  Its  available  enthalpy.  Here  the  velocity 
increases  from  v,  to  vA  (point  A  of  Pig.  124) .  After  thla.  the  vapor  flow  mixes  with 
some  fraction  of  the  subcooled  liquid,  the  resulting  firm  assumes  an  equilibrium  state 
Ht  with  velocity  v{^  (etc.  ].  At  the  nth  stage  the  available  energy  la  fully  utilised  and 

the  working  fluid  is  in  state  O*.  The  last  stage  terminates  by  injection  of  the  remaining 

part  of  the  liquid.  The  stream  velocity  at  the  ejector  exit  ia  v  . 

© 

figure  125  illustrates  this  process  ■«  r,n  intern, edtate  stage  of  the  condcnsl.* 
ejector.  The  following  notation  la  used:  i  is  the  mixed  flow  at  the  ejector  outlet:  1' 
and  l"  are  the  respective  Inlet  vapor  and  liquid  flows:  m'  *nd  m“  are  the  respective 
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vapor  and  liquid  maaa  flows;  x,  la  the  relative  vapor  mass  flow  at  the  two- phase  nozzle 
inlet  (this  quantity  ia  identical  to  x  in  Eqa.  (6.47)  and  (6.80)]  and  t*  la  the  vapor  enthalpy 
drop  (segment  l'-2'  in  Fig.  119). 


Fig.  124.  Velocity  diagram  in 
oondraetag  ejector  mixing  sec¬ 
tion  [baaed  on  thermodynamic 
m-i  tranaformotion). 

KEY:  1)  Inlet  section;  2)  exit 
auction;  3)  mixing  aectton 
length. 


Fig.  125.  Intermediate 
stage  in  the  mixing  sec¬ 
tion  of  a  condenaing  ejec¬ 
tor. 


After  a  part  of  the  available  enthalpy  has  been  utilised,  the  mixture  velocity  at  the 
inlet  to  any  intermedlata  stags  la  v  (Fig.  128).  During  an  infinitesimal  time  intern  ’, 
the  mixture  expands  by  an  amount  oo Responding  to  the  pressure  difference  -dp.  The 
corresponding  enthalpy  dray  .11  then  be  <K  *  -Y<%»  (V  Uiag  the  specific  volume  of  tbs 
mixture  In  the  given  stage).  The  mixture  velocity  increases  by  dtv  and  become  vt. 

With  the  mixture  at  thla  velocity,  a  quantity  dx  of  the  liquid  ia  supplied  to  it,  U»  mix¬ 
ture  *s  and  thus  aoqutrea  velocity  v  *  dv.  The  flow  velocity  at  the  ejector  exit 
with  x  -  1  (the  flowrate  being  m'  +  ml  reaches  the  value  v  . 

u 

We  assume  for  our  further  discussion  that  the  specific  volume  of  the  liquid  is 
email  aa  compared  with  that  of  toe  vapor.  Then  the  energy  equation  which  describes 
tht  work  of  expansion  vdjv  »  di  and  the  momentum  equation  of  the  mixture 

*  (v  I  l««j  (r  i  /*)  (r  !  i tv) 

yield  the  differential  equation 

*  *7  . . 'j  i  i-i It.  (6.52) 

It  wtfl  be  assumed  in  solving  tola  aquation,  that  no  S'+dttional  oondanaattoe  takes 
plaoe  at  the  tima  whan  liquid  la  injected.  Then  Eq.  (6, 52)  for  to*  corresponding  mix¬ 
ture  and  eqpaaaioQ  stags  is  written  la  the  form 

(  *  )  V  !  cult,  (6.53) 
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Then  we  assume  that  ratio  di’/dx  -  const;  during  the  entire  process  the  enthalpy 
drop  "  will  be  utilized,  with  the  mass  flow  ratio  changing  from  x  to  1.  Then  Eq.  (6.53) 
becomes 


0 


Jx  ■  ■  x>.!vt 


(6.  54) 


where 


For  an  Initial  velocity  v0  =  0  and  x  =  x^  the  velocity  toward  the  end  of  mixing  proc¬ 
ess  (for  x  -  1)  will  be  v^  and  the  corresponding  kinetic  energy 


r/'il  |  r, 
2 


(6.55) 


The  kinetic  energy  of  the  flow  leaving  the  condensing  ejector  thus  comprises  a 

1+Xq  1  -Xg 

-  part  of  the  Initial  kinetic  energy  x^'.  Its  other  part,  -  is  lost  in  mixing. 

2  2 

/ 

In  the  case  of  single  state  mixing,  then 

X  (6.56) 

i.e. ,  the  energy  loss  according  to  Eq.  (6.51)  for  v"  =  0  is  twice  as  much,  that  is  (1  -  x^). 
Multistage  injection  thus  can  reduce  mixing  losses  two-fold. 

It  is  desirable  to  have  at  the  inlet  of  a  vehicle  mounted  MHD  generator  a  two-phase 
mtxtu'  '  *v5+h  a  given  vapor  fraction.  This  is  primarily  due  to  the  fact  that  the  presence 
of  the  vapor  (gas)  phase  in  the  liquid  metal  does  not  always  result  in  reducing  the  genera¬ 
tor  efficiency.  Conversely,  in  a  given  range  of  generator  operation  modes  the  efficiency 
increases  with  increasing  the  vapor  content  [2231.  hi  addition,  the  efficiency  and  output 
power  of  a  generator  using  a  two-phase  mixture  is  a  function  not  only  of  the  load,  as  in 
the  case  of  a  llquid-m°tal  device,  but  also  on  tl*  relative  content  of  the  gas  phase  [void 
fractionl.  Thus  the  presence  of  Lhe  vapor  (gas)  phase  in  liquid  metal  provides  for  greater 
flexibility  of  generator  operation.  This  may  be  used  for  controlling  Its  output,  which  is 
particularly  important  for  vehicular  applications. 

The  maximum  void  fraction  is  determined  by  the  limiting  possible  reduction  in 
the  mixture's  thermal  conductivity.  Here  it  should  be  kept  in  mind  that  the  mass  vapor 
fraction  is  by  several  orders  of  magnitude  lower  than  the  volumetric  vapor  fraction,  the 
allowable  limit  of  which  is  approximately  0.75  [sic]  [223].  Here  MHD  generator  opera¬ 
tion  with  practically  pure  (vapor- less)  liquid  metal  may  be  of  interest. 

Let  us  consider  the  case  when  the  flow  leaving  the  condensing  ejector  is  entirely 
liquid,  i.e. ,  when  the  vapor  is  fully  condensed.  The  subcooling  of  the  injected  liquid 
In  this  case  should  be  determined  so  as  to  obtain  a  saturated  exit  liquid  flow,  which 
eliminates  excess  thermal  losses  in  the  cycle. 
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We  as 8 urn e  that  vapor  is  condensed  on  expansion  and  mixing.  The  corresponding 
change  in  the  energy  drop  is  expressed  as 


r0.fi\ 


(6.57) 


Here  Eq.  (6.53)  for  mixing  and  expansion  takes  the  form 


1 17,  <f?  xdv  i  C<f\. 


and  instead  of  Eq.  (6. 54)  we  get 


[<V  1  p  '*  -  \iU', 


(6.58) 


where 


v./(l  -V,)*. 


Solving  thi  °  iquatton  using  integration  factor  xv  for  the  swme  yalues  of  inlet  and 
exit  values  of  x  <xs  -  end  for  V(,  =  0,  we  get 


vV  .l'vC>  0 


1'v,,  (  > 


and  when  x  -  1  we  will  get  instead  of  Eq.  (6. 55)  the  expression 


<(>.  59) 


Comparing  this  expression  with  Eq.  (6. 56)  we  can  conclude  that  if  a  liquid  flow  is 
desired  and  the  ejector  exit,  then  stage-wise  injection  of  liquid  is  expedient  only  when 
Xo  <  1/2. 


Experiments  on  Acceleration  of  Liquid  ' 

by  a  Gas  Flow 

The  present  section  presents  data  on  experimental  study  of  the  acceleration  of 
liquid  injected  into  :i  high-speed  gas  stream  by  the  latter.  The  experiment  was  needed 
because  known  results  on  the  drag,  on  which  acceleration  of  the  injected  particles  depends 
were  obtained  for  aircraft,  turbines  and  other  airfoils  and  are  not  suitable  for  particles 
undergoing  acceleration  motion 

The  most  interesting  experimental  data  on  particle  acceleration  are  presented  in 
[2S3J.  The  two-phase  vapor  liquid  metal  mixture  was  modeled  in  the  experimental  setup 
by  means  of  oompressed  air  and  spherical  particles  of  sand  of  properly  selected  size. 

This  is  a  conservative  simulation,  since  air  as  the  driver  fluid  Is  less  dense  than  the 
two-phase  liquid  metal  and  the  sand  is  denser  than  the  Injected  liquid.  The  selection  of 
air  and  sand  permitted  test  operation  at  ambient  temperatures  and  eliminated  any  problem 
due  to  change  in  particle  sire  during  acceleration. 
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The  overall  view  of  the  setup  is  shown  in  Fig.  126.  The  sand  was  coated  with 
contrasting  black  paint  and  a  Fastax  camera  capable  of  taking  17,000  frames  per 
second  was  used  to  photograph  the  travel  of  the  sand  particles.  Separate  test  series 
were  made  with  cylindrical  and  rectangular  subsonic  and  supersonic  nozzles.  Sand 
injection  occurred  just  downstream  of  the  nozzle  throat.  The  drift  tube  extencfing  from 
rthe  nozzle  — modeling  the  condensing  ejector  —  was  made  of  Pyrex  glass  and  therefore 
photographic  Images  of  the  sand  could  be  obtained  at  various  positions  downstream  of 
the  nozzle.  The  test  variables  were:  sand  size  -  177-500  M  diameter;  sand  mass  flow  - 
*45-12.5  g/feec;  air  pressure  -  2.06-4. 16  kg/cm2,  air  mass  flow  -  40-90  g/Ssec. 

The  test  data  were  used  for  constructing  curves  of  drag  coefficient  c^  as  a  function 
of  particle  Reynolds  number  Rep. 


Fig.  126.  Particle  acceleration  test  ap¬ 
paratus. 

1)  Sand  injector;  2)  recording  instruments; 

3)  glass  drift  tube:  4)  camera;  5)  nozzle; 

6)  air  supply. 

Figure  127  shows  curves  of  c^  =  fCRe^)  for  different  values  of  parameter 

jvjd^  (v^  is  the  particle  acceleration,  v^  is  the  particle  velocity  and  d  is  the  particle 

diameter).  It  is  seen  from  Fig.  127  that  the  drag  coefficient  Is  proportional  to  the 
particle  acceleration.  The  same  effect  was  observed  by  other  investigators  with  larger 
particles.  It  is  seen  from  these  graphs  that  c  .  is  dependent  on  the  distance  from  the 
point  of  injection.  Q 

According  to  test  data,  a  distance  of  only  about  20  cm  is  needed  for  accelerating 
band  particles  500  v  in  diameter  from  0  to  120  m/sec.  At  a  distance  of  30-40  cm  from 
*the  point  of  injection  the  particles  acquire  velocities  equal  to  60^  of  the  air  velocity. 

The  experimentally  determined  acceleration  exceeds  theoretical  values,  found  by  extrap¬ 
olating  data  on  the  drag  of  airfoils. 


Best  Available  Copy 


Fig.  127.  Drag  coefficient  va, 
Reynolds  number  with  accelera¬ 
tion  modulus  as  the  parameter. 


Experimental  Heat-Transfer  Studies 
in  a  Condensing  Ejector 

Hie  rate  of  heat  transfer  between  the  subcooled  liquid  and  saturated  vapor  is 
studied  by  means  of  Helsler's  diagrams  for  spherical  particles  [234].  However,  these 
diagrams  do  not  cover  the  entire  range  of  parameters  for  which  It  Is  neoessary  to  make 
calculations  for  liquid  metal  MHD  units.  In  addition,  the  efficiency  of  condensation  for 
small  void  fractions  can  be  appreciably  lower  than  that  assumed  in  constructing  these 
diagrams  with  the  result  Chet  the  heat  transfer  for  alkali  metals  may  not  conform  to 
theoretical  data  obtained  from  these  diagrams.  This  made  it  necessary  to  set  up  the 
applicable  experiment. 

A  sta^e  of  importance  in  preparing  this  experiment  was  developing  a  method  for 
measuring,  the  volume  of  the  alkali  metal  vapor  in  the  two-phase  flow  [23S],  which  is 
needed  for  obtaining  the  condensation  process  characteristics.  Prem  and  Parkins  in 
their  report  to  the  International  Symposium  on  MHD  Electric  Power  Generation  held  in 
Paris  In  1964  reported  plans  for  study  of  heat  transfer  on  a  special  test  section  which 
should  be  completed  in  1964,  with  half  a  year  of  tests  planned. 

Figure  128  depicts  schematically  the  heat  transfer  test  section,  whloh  is  a  part  of 
a  potassium  test  loop  developed  for  performing  extensive  tests  of  fee  MHD  dsvioe.  This 
section  is  used  for  study  of  heat  transfer  between  potassium  vapor  and  cooled  liquid  po¬ 
tassium.  The  program  of  tests  includes  study,  within  wide  limits,  of  the  effect  on  heat 
transfer  of  the  flow  velocity,  temperature  and  pressure.  The  results  of  these  tests  are 
intended  for  determining  the  ratios  of  vapor  and  liquid  phases  ensuring  optimal  operating 
conditions  for  the  two-phase  nozzle  which  is  a  part  of  the  condensing  ejector  and  of  the 
drift  tube,  as  well  as  for  design  of  these  devices. 

It  should  be  noted  that  acoording  to  preliminary  heat  transfer  calculations  using 
Helsler's  diagram,  the  condensation  time  in  the  ejector's  mixing  section  should  be  of 
the  same  order  as  the  acceleration  time  of  the  liquid  phase  [233],  Here  the  design 
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values  of  the  heat  transfer  coefficients  (for  maximum  difference  in  the  temperatures  of 
the  vapor  and  liquid  phases  of  the  working  fluid  at  the  inlet  and  exit  of  the  test  section) 
were  from  1. 76*  102  to  1. 76*  10s  watt/in2  -deg. 


Fig.  128,  Heat  transfer  test  section  in  the  condens¬ 
ing  ejector. 

1)  Vapor  or  vapor-liquid  inlet;  2)  subcooled  liquid 
injection;  3)  injection  chamber;  4)  variable-length 
mixing  chamber;  5)  electromagnetic  flowmeter; 

6)  variable -length  and  cross  section  transition 
section;  7)  electrode  location;  8)  liquid  injection 
nozzle  or  atomizer;  9)  vapor  flow  straightener. 


Figure  129  depicts  schematically  a  potassium  test  loop  facility,  designed  and  con¬ 
structed  in  the  USA  [  233)  for  the  study  of  necessary  properties  of  liquid  metals,  testing 
individual  unit  elements  and  subsequent  demonstration  of  the  operation  of  the  unit's 
prototype  using  this  cycle.  Its  operating  characteristics  are: 


Working  fluid . . . K 

Maximum  temperature,  °C . 870 

Maximum  metal  vapor  pressure,  Ncwtons^n2  .  2. 7*  10s 

Maximum  liquid  metal  pressure,  Newtons/in2  .  11. 75*  105 
Maximum  vapor  fraction  (by  weight),  %  .  .  .  5-20 

Construction  material .  type  316 

/  stainless  steel 


The  major  components  of  the  loop,  surrounded  by  an  argon  filled  enclosure  are: 
boiler  10,  preheater  2,  regenerative  heat  exchanger  12,  reject  heat  exchanger  15, 
electromagnetic  pump  13,  various  tanks,  demountable  test  sections.  Instrumentation  is 
provided  for  measuring  key  parameters  such  as  temperature,  pressure  and  flowrate. 

Potassium  is  supplied  by  a  pump  to  the  regenerative  heat  exchanger,  then  passes 
the  boiler  and  test  section,  the  other  side  of  the  regenerative  heat  exchanger  to  an  argon 
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heat  exchanger  and  bad:  to  the  pump.  The  liquid  metal  from  the  pump  flows  to  the  argon 
heat  exchanger,  where  it  is  cooled,  and  then  flows  to  the  test  section. 
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Fig.  129.  Schematic  of  potassium  test  loop 
facility. 

1)  To  argon  cooler;  2)  potassium-to-air  heat  ex¬ 
changer  Nc.  2;  S)  to  drain  tank;  4)  liquid  level; 

5)  surge  tank;  6)  argon  supply;  7)  to  vacuum  pump; 
8)  vacuum  tank;  9)  test  section;  10)  holler;  11) 
future  line;  12)  regenerative  heat  exchanger;  IS) 
electromagnetic  pump;  14)  fill  and  drain  tank; 

15)  potassium-air  heat  exchanger  No.  1;  16)  cold 
trap;  17)  variable  heater;  18)  enclosure. 

KEY:  a)  g/feec. 


3.  Liquid  Metal  MHD  Generator  Operating 
on  a  Separating  Cycle  * 

Thermal  Efficiency  of  the  MHD  Generator 

The  cycle  of  an  MHD  unit  with  separation  using  one  working  fluid  (single-com¬ 
ponent  cycle)  and  with  twc  immiscible  liquids  (two-oomponent  cycle)  was  analyzed 
in  [218],  (223],  [235]  and  [236],  R  was  established  that  the  efficiency  of  the  two  com¬ 
ponent  cycle  is  higher  than  that  of  a  single-component  cycle  (neglecting  friction  losses). 
The  single-component  cycle  with  separation  is  thermodynamically  less  effldent  due  to 
the  need  to  heat  the  liquid  to  a  temperature  exceeding  the  average  cycle  temperature. 

The  two-component  separating  cycle  is  examined  in  great  detail  on  the  following  assump¬ 
tions  [218]: 

1)  the  vapor  is  an  ideal  gas  wl*S  constant  specific  heat; 

2)  the  temperature  in  the  two-phase  nozzle  decreases  insignificantly  as  compared 
with  the  Inlet  temperature; 
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3)  the  liquid  and  the  vapor  condensate  do  not  interact  chemically; 

4)  the  vapor  is  not  soluble  in  the  liquid; 

5)  the  pressure  of  the  saturated  vapor  of  the  liquid  is  zero; 

6)  the  pressure  aiong  the  MHD  generator  channel  remains  constant; 

7)  the  liquid  does  not  penetrate  into  the  vapor  loop  and  the  vapor  does  not  pene¬ 
trate  into  the  liquid  loop. 

Condition  1  results  in  a  trivial  error  if  use  is  made  of  the  effective  molecular 
weight,  which  yields  the  correct  value  for  the  nozzle  exit  density.  Assumption  2  makes 
it  possible  to  apply  equations  of  isothermal  flow  in  the  nozzle,  with  the  error  for  flow- 
rate  ratios  in  mixtures  of  practical  interest  being  quite  insignificant.  Conditions  3  and 
4  are  usually  satisfied  for  liquids  of  interest  here.  The  error  due  to  assumption  5  is 
minor.  Condition  6  makes  it  possible  to  examine  separately  the  MHD  generator  and 
the  diffuser,  although  partial  or  total  pressure  restoration  may  also  take  place  in  the 
MHD  generator.  Assumption  7  appreciably  simplifies  the  problem,  since  then  effects 
due  to  incompleteness  of  separation  are  not  considered  (below  these  effects  are  taken 
into  account  by  the  separation  efficiency  r,  ). 

The  thermal  efficiency  of  the  cycle  is  given  by 


') 


(6. 60) 


where  P  is  the  electric  power  output  of  the  cycle;  Pft  is  the  thermal  rating  of  the  reactor; 
c 

and  PcJ  is  the  cooling  loss. 

The  electric  power  output  of  the  cycle  is  equal  to  some  f ractiorfr;  ^  of  the  kinetic 

energy  converted  in  the  MHD  generator,  less  the  electric  power  for  driving  the  conden¬ 
sate  pump,  i.e. , 
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where  tj  is  the  generator  efficiency,  m^  la  the  mass  flow  of  the  liquid  through  the  gen¬ 
erator;  Jn  and  Vg  Q()t  are  the  liquid  velocities  at  the  generator  inlet  and  outlet;  my 
is  the  mass  flow  of  the  vapor;  pp  ^  and  pp  Qut  are  the  condensate  pressures  at  the  pump 
inlet  and  exit,  r»p  is  the  pump  efficiency,  and  p  CQn  is  the  condensate  density. 

The  cooling  loss  Pcl  will  be  calculated  on  the  assumption  that  the  process  in  the 

cooler  takes  place  as  follows:  the  vapor  is  first  cooled  from  inlet  temperature  of  the 
cooler  T(n  cl  to  critical  condensation  temperature  Tw  is  condensed,  and  then  cooled 

from  T  to  the  condensate  temperature  at  the  cooler  exit  T  .  Then 
w  out  cl 
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whore  Cp  is  the  specific  beat  of  the  vapor,  L  is  the  latest  heat  of  condensation  and 
is  the  specific  heat  of  ths  condensate. 

The  kinetic  energy  at  ths  separator  exit  (at  the  generator  inlet)  will  be  assumed 

to  be  some  portion  rj  of  the  kinetic  energy  of  the  liquid  leaving  the  two-phase  nozzle, 

0 
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(6.63) 


In  the  diffuser  the  pressure  is  raised  by  an  amount  ptn  r  **  Pi,  where  p^  y  is  the 

pressure  of  the  fluid  at  the  reactor  inlet  (at  the  diffuser  exit)  and  pj  is  the  pressure  of 
the  liquid  leaving  the  iwo-phase  nozzle.  This  pressure  drop  can  be  represented  as  a 
relationship  for  the  velocity  heat  at  the  diffuser  inlet: 


rt.in  Pi  *  *  ^ 


(6.64) 


where  is  the  diffuser  efficiency, 

The  velocity  with  which  the  liquid  leaves  the  two-phase  nozzle  v^ n  is  assumed 
to  be  equal  to  some  portion  (t^)1^  of  the  iseotropic  exit  velocity  v},  i.e. , 


"'ll.  out  l In"/. 


(6. 65) 


To  derive  an  expression  for  v^  [237]  we  assume  that  vapor  with  molecular  weight 
M,  specific  heat  cp  and  mass  flow  rate  my  enters  the  nozzle  and  is  mixed  with  a  liquid 
having  density  pfl,  specific  heat  c^,  and  mass  flow  rate  Let  pt  be  the  pressure, 
Tt  the  temperature  and  vt  the  mixture  velocity  at  the  nozzle  inlet;  sy  and  s^  the  specifife 
entropies  and  iy  and  1^  the  specific  enthalpies  of  the  vapor  and  liquid,  respectively. 


The  change  in  the  specific  entropy  of  the  vapor  flowing  in  the  nozzle 

Asv  s,,-  -  c,lu  J.|  •  *  hi  J*  . 

where  Fi  is  the  universal  gas  constant. 

The  corresponding  change  in  the  liquid's  entropy 


(6.68) 


As«  '  V  r’ 


(6. 67) 


The  change  in  the  mixture  entropy 


At  A«w  |  mn  Atn  /-/.  (r.  In  J>-  J  In  J|  )  :  -Vn1"  ]  [ 


(6.88) 
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In  the  flow  of  a  homogeneous  mixture  heat  transfer  from  the  vapor  to  the  liquid  is 
reversible.  Hence  under  adiabatic  flow  conditions  and  in  the  absence  of  friction  the 
mixture  flow  is  isentropic.  i.e. ,  As  -  0,  Then  we  get  from  Eq.  (6. 68) 


,  .  /  ..  y  v  •«  •  *  v  n  n>  («.  69)  ! 
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The  change  in  specific  vapor  enthalpy  for  flow  in  a  two-phase  nozzle 

A«v  ivt  'v|  -o(/ •,  /’,).  (6.70) 

the  corresponding  change  in  the  liquid's  enthalpy 


'■'n  'ni  'm  '"ft  U :  1 1)  ! 


(6.71) 


With  the  assumptions  made,  we  get  from  the  energy-balance  equation  for  a  steady- 
state  process  at  the  nozzle  inlet  and  outlet 
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(6. 72) 


Substituting  Aiy  and  Aijj  from  Eqs.  (6.70)  and  (6.71)  into  Eq.  (6.72),  we  get 
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Substituting  here  T2  from  Eq.  (6. 69),  we  find  Vj 
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(6.74) 


For  low  which  are  of  practical  interest  the  exponential  expression  contain¬ 

ing  ratio  pj/pj  can  be  approximated  by  two  first  terms  of  a  series  expansion  of  this  ex¬ 
pression 
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into  Eq. 

(6.74),  we  get 
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(6.76) 

ll  1  "VI  \Mn  •,/»l  Pt 

Pi  }  ’ 

\  ri,t  ) 

Upon  simultaneous  transformation  of  Eqs.  (6. 61)— (6. 65)  and  (6.78)  we  get  the  ratio 
of  the  output  electric  power  of  the  cycle  to  the  cooling  loss  in  the  form 
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(6. 77) 


where 

/l  (  ;“  )  l/*  !  >  *'<*('/'.  '/'d.ou,  )J. 

Substituting  this  value  of  Pe/Pcj  into  Eq.  (6. 60)  we  get  the  thermal  efficiency  of  the 
cycle,  which  is  not  presented  here  due  to  cumbersomeness  of  the  expression. 

Acceleration  of  Liquid  in  a  Two-Phase  Nozzle 
with  a  Separator 

As  was  mentioned  previously,  an  MND  cycle  with  separation  is  thermodynamically 
more  efficient  when  two  working  fluids  are  used  (two-component  cycle).  One  of  tho  basic 
problems  in  operating  a  facility  with  this  cycle  is  efficient  acceleration  of  the  liquid 
phase  of  the  working  medium  in  the  two-phase  nozzle  by  means  of  the  kinetic  energy  of 
expanding  vapor  of  the  second  working  fluid.  These  working  fluids  should  be  mutually 
immiscible,  or  little  soluble  over  the  entire  range  of  cycle  temperatures. 

One-dimensional  flow  of  a  two-phase  nozzle  on  assumption  of  absence  of  friction 
and  boat  transfer  to  the  nozzle  wall  was  examined  in  great  detail  by  Elliot  in  the  Jet 
Propulsion  Laboratory  of  California  Institute  of  Technology,  with  the  results  reported, 
among  others,  In  {225)  and  (238).  R  waa  assumed  in  his  analysis  that  the  liquid  forma 
spherical  droplets  all  of  the  tame  Initial  diameter,  and  that  the  droplets  break  up  when¬ 
ever  the  Weber,  baaed  on  the  slip  velocity  waa 


We 
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if  the  slip  velocity  (vv  -  v^)  is  maintained  during  a  time  longer  than  the  natural  oscilla- 

.  ,  /  I 

tion  period  of  the  droplet  ,  ■  <„  0  ,  as  is  generally  the  case  in  a  two-phase  nozzle. 

in  the  above  expressions  py  is  the  vapor  density,  o ^  is  the  liquid  density,  d  is 
the  droplet  diameter,  vy  is  the  vapor  velocity,  v^,  is  the  liquid  velocity  and  cr  is  the 
liquid's  surface  tension. 

It  was  also  assumed  that  the  dimensions  of  the  newly  formed  d*-ople.s  are  such 
that  for  them  We  =  6.  Here  the  maximum  or  critical  droplet  diameter  was  determined 
from 


(fi.  79) 


where  s  =  vyvfj/^  is  the  slip  and  v  is  the  steady  state  equilibrium  velocity. 


Let  us  consider  the  two-phase  flow  in  a  nozzle  section  at  distance  x  from  the 
inlet.  The  pressure  in  this  section  is  denoted  by  p  and  the  cross  sectional  area  by  F. 
It  is  obvious  that 


;  ,lv(  :  )’ 


where 


f  .  "•«. 


The  momentum  of  the  mixture  at  steady  state  equilibrium  velocity  ;•  and  constant 
pressure  is 


Whence 


v  '•« 

!  .  f  ' 


Since  mv  »  const,  then  the  gradient  of  the  momentum  Is 

r.  i  ,  ,  ■  .  i  -  . 

•  "n)  • 

When  there  Is  no  friction  at  the  nozzle  walls  dM/dx  is  equal  to  the  negative  of  the 
pressure  gradient  over  the  entire  flow  area,  I.©. , 
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Substituting  here  the  previously  obtained  value  of  F,  we  have 

,  *  » 
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(6.80) 

We  now  express  tV  gas  (vapor)  velocity  in  terms  of  s  and  v 

«’*  »  l 

(6.81) 
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(6. 83} 

Substituting  the  above  values  of  v 

and  v_  into  Eq.  (6.80)  and  making  uae  of  the  fact  that 

2vdv  *  dV*.  we  get  an  expression  to?  the  momentum  in  the  form 
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(6. 83} 

In  the  limit  of  isentropio  fleer  tea  slip  is  sero  and  then  the  sought  isentroptc  veloc¬ 
ity  gradient  ia  given  by 
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(6,84) 

A  eeoond  important  feature  of  the  flow,  i.e. ,  the  gradient  of  the  slip, 
found  as  follows.  Each  drop  is  acted  upon  by  drag  pressure  Fy  and  force  F 

can  be 
p  produced 

by  pressure  diffe ranee 

c  ,  '•** 

•  *  *-  i  1  * 

(6. 88) 

r  ** 

r*  H  J%' 

(6. 86} 

where  cd  lf>  the  drag  coeffleteRt. 

tt  ma>  be  iMumd  approximately  for  small  Reynolds  numbers  ffU  *  0.  i ) 


it 

'*  R» 

sad  fei  high  Reynolds  waiters  (fte  *  !•  W*) 

e4  0,  '$/. 

Tbs  sum  a !  So root  F  sad  F  is  equal  to  tbs  product  at  droplet  mass 
yooslsratiar  p 


sod  its 


From  the  Inst  three  equations  we  get  the  value  of  the  velocity  gradient 
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From  Eq.  (6.82)  dv^/dx  is  written  in  the  form 


(6.  88) 


(6. 89) 


Solving  the  above  expression  for  ds/ttx  and  expressing  in  the  process  dv^/dx  by  means  of 
Eq.  (6.88),  we  get  the  slip  gradient 
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(6.90) 


The  total  enthalpy  of  the  two-phase  flow  in  the  case  of  no  beat  transfer  to  the  nestle 
walls  and  neglecting  vapor  formation  during  scansion  of  the  mixture  remains  constant 
and  can  be  expressed  as 


(6.91) 


The  transfer  of  hest  between  the  liquid  and  vapor  phases  during  noasle  flow  is  char¬ 
acterised  by  equations  presented  below.  The  rate  of  convective  transfer  of  heat  from  the 
liquid  droplets  to  the  vapor  is 


tf;  '•((«  *;».  (6.9?> 

where  k  la  the  heel  transfer  coefficient  and  N  -  6m^/wd*i>^  is  the  number  of  droplets. 

The  heat  trarefer  coefficients  can  be  obtained  from  the  relationships  1239): 
for  Re  <  1.0 

i  • 

for  l.C  *  Re  *  2.5 


for  Re  >  25.0 


Due  to  circulation  of  the  fluid  inside  the  droplets,  their  inside  temperature  is 
uniform,  so  that 
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From  Eqs.  (8.92)  and  (6.93)  we  get  the  gradient  of  the  liquid's  temperature  along  the 

flow 
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This  equation  does  not  take  into  account  the  effect  due  to  formation  of  additional  vapor 
during  w  'il e  expansion  of  the  mixture.  However,  as  is  noted  in  [238],  this  effect  is 
insignlflcarv. 


Experimental  Studies  of  the  Two-Phase  Nozzle 

The  previously  presented  system  of  equations  was  used  for  computer  calculation 
of  the  theoretical  characteristics  of  a  two -phase  nozzle  for  the  flow  of  nitrogen-water 
and  Freon  1301  (CBrFj)  -  water  mixtures  [238],  The  calculations  were  made  for  drop¬ 
let  diameters  of  0,05-0. 127  cm.  It  was  established  that  due  to  breakup  of  largr  drops 
according  to  Eq.  (6. 79)  the  exit  velocity  does  not  depend  on  the  initial  droplet  diameter, 
if  it  Is  below  a  certain  value  (in  the  case  at  hand  0. 0254  cm).  This  conclusion  points  to 
the  theoretical  feasibility  of  efficient  nozzle  operation  without  preatomization  of  the 
liquid. 

Calculations  showed  that  the  exit  velocity  lor  the  nitrogen-water  mixture  is  85? 
of  the  isentropic  exit  velocity  corresponding  to  zero  droplet  diameter,  while  for  the 
Freon-water  mixture  it  is  91$.  This  is  attributable  to  the  higher  Freon  density,  which 
requires  less  slip  for  the  same  drag  on  the  water  droplets. 

Figure  130  presents  theoretical  and  experimental  values  of  the  exit  velocities  of 
the  nitrogen-water  mixture  for  a  nozzle  Inlet  pressure  of  10. 5  atm  abs,  exit  pressure 
1.C5  atm  abs  and  temperature  21.6°.  Theoretical  curve  1  was  obtained  for  above- 
critical  droplet  sizes.  The  same  figure  shows  by  a  dashed  line  the  isentropic  velocity 
curve  for  d  -  0.  Figure  131  presents  these  cu.  ves  for  the  Freon-water  mixture  for  the 
same  inlet  and  exit  conditions  and  temperrtures  from  4,7  to  12.2°C. 

It  should  be  noted  that  the  experimental  characteristics  of  the  two-phase  nozzle 
were  obtained  with  rough  initial  (at  the  nozzle  inlet)  atomization  of  the  liquid  and  with 
total  absence  of  droplets  with  critical  and  telow-erlttoal  diameters.  This  derives  the 
theoretical  conclusion  that  it  is  possible  to  obtain  efficient  acceleration  of  the  liquid 
without  fine  pre-atomization. 

Figure  132  depicts  a  test  section  for  experiments  with  the  two-phase  nozzle  [238 1. 
The  nozzle  contour  was  selected  so  that  the  slip  velocity  varies  along  the  nozzle  approxi¬ 
mately  as  {v/t>)ly/* ,  where  v  and  p  are  the  local  mean  velocity  and  pressure,  respectively. 
The  nozzle  was  127  cm  long,  with  a  35, 6  cm  entranoc  diameter  and  13.2  exit  diameter, 
the  throat  diameter  being  8.07  cm.  The  size  corresponds  roughly  to  a  conversion  sys¬ 
tem  of  125  lev  electric  output. 
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Fig.  130.  Comparison  of  predicted  and 
measured  nozzle  and  separator  exit  veloc¬ 
ities  for  the  nitrogen-water  mixture. 

1)  Nozzle;  2)  separator. 


Fig.  131.  Comparison  of  pre¬ 
dicted  and  measured  nozzle  exit 
velocity  of  the  Freon  1301-water 
mixture. 


Fig.  132.  Overall  view  of  experimental  two-phase 
nozzle  in  operation. 
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The  semlvertex  angle  of  the  convergent  part  of  the  nozzle  is  20°,  while  the  semi- 
vertex  angle  of  the  divergent  part  is  2.  S’.  The  nozzle  cross  section  near  the  throat 
changes  quite  smoothly,  so  that  the  slip  would  be  limited  to  0.  S.  The  mixer  (injector) 
has  1656  pairs  of  impinging  jets  of  nitrogen  and  water,  uniformly  distributed  across  the 
entrance  diameter  of  the  nozzle.  This  provided  uniform  mixture-ratio  distribution  by 
making  the  water  jets  converge  at  a  right  angle.  The  hole*  were  rectangular  with  sides 
of  0.0127  x  0.33  cm  for  nitrogen  and  0. 1015  x  0.33  cm  for  water.  The  nozzle  was  tested 
for  a  range  of  water/hitrogen  mixture  ratios  from  ISfiKy  *  2,76  kg/he c,  ®  4. 17  kg/fcee) 

to  70  (my  =  1. 18  k&feec,  =  82.5  kg/fee c).  The  pressure  drop  along  the  injection  Jets 

was  11. 95-2. 11  stm  abs  for  nitrogen  and  0. 98-2. 67  atm  abs  for  water.  The  mean  veloc¬ 
ity  v  was  calculated  by  dividing  the  total  flow  by  the  nozzle  throat  cross  section.  The 
measured  velocities  at  the  nozzle  exit  ranged  from  144  to  89  rr^ec  for  a  flow-rate  ratio 
range  from  15  to  70.  The  experimental  and  theoretical  data  are  compared  in  Fig.  130. 

hi  the  Freon  experiment  the  latter  was  supplied  to  the  mixer  (injector)  at  t  -  -56.7’C 
was  evaporated  after  injection,  reaching  a  superheat  from  -18  to  -9.  S*C,  changing  in  the 
process  the  water  temperature  from  -15  to  -7*C.  Figure  131  compares  the  experimental 
data  with  calculated  results  obtained  on  assumption  of  total  evaporation  of  the  Freon.  It 
is  seen  from  this  figure  that  total  liquid  vaporization  will  yield  hill  agreement  between 
the  theoretical  and  experimental  nozzle  characteristics. 

It  was  concluded  in  [238]  on  the  basis  of  analysis  of  experimental  data  for  a  two- 
phase  nozzle  operating  on  a  Freon-water  mixture  that  Li  in  such  a  nozzle  will  efficiently 
vaporize  Cs  (or  K,  or  Pb),  since  the  heat-transfer  properties  of  liquid  metals  are  better 
than  those  of  the  Freon-water  mixture. 

Figure  133  shows  m  theoretical  curve  of  a  two-phase  nozzle  for  Ll-Cs  for  an  inlet 
mixture  pressure  of  14. 15  abs  atm,  exit  pressure  of  1.41  atm  abs  and  temperature 
1100’C  [238).  The  vapor  pressure  of  Li  in  the  calculations  was  assumed  to  be  constant 
and  approximately  equal  fo  0. 14  atm  abs,  whtle  its  surfaoe  tension  was  taken  as  23 
Newtons  An1.  The  concentration  of  Cs  dissolved  in  Li  was  assumed  to  be  6%  by  weight. 

The  initial  diameter  of  dropleta  was  taken  as  0. 127  cm,  and  it  was  assumed  that  the 
exit  velocities  do  not  change  up  to  droplet  diameters  of  0.0507  cm. 

The  dashed  curve  in  Fig.  133  is  that  for  iaentropic  velocity.  It  is  seen  from  the 
figure  that  the  predicted  exit  velocities  of  the  Li-Cs  mixture  comprise  88%  of  tee  (sen- 
tropic  velocity.  The  theoretical  and  experimental  studlee  thus  show  that  it  is  possible 
in  two-phase  nozzles  of  acceptable  length  exit  velocities  amounting  to  from  85  to  90%  of 
the  leentropic  leaving  velocity. 


Separator  Experiments 

A  conical  separator  placed  at  the  inlet  of  the  two -phase  nozzle  was  tested  first  in 
conjunction  with  the  development  of  jet  pumpe  for  rocket  engines  )237).  These  experi¬ 
ments  showed  that  it  is  possible  to  develop  such  a  pump  with  a  two-phase  nozzle  and  « 
separator  as  Its  main  elements. 

Figure  134  shows  one  such  separator  operating  together  with  a  two-phase  nozzle 
being  tested  on  an  air-water  mixture.  The  separator  was  oonioal  with  semlvertex  angle 
of  15*.  pasting  into  a  toroid  of  32  mm  radius  curvature*  The  oonioal  part  deflects  the 
gas  from  rectilinear  motion  upon  leaving  the  nozzle  and  collects  the  atomized  liquid  into 
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Fig.  183.  Predicted  nozzle- 
exit  velocities  of  oeetum- 
lithlum  mixture. 
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Fig.  134.  Experimental  two-phase  drive  nosale  and 
experimental  conical  separator. 

1)  Liquid  fnlet;  2)  liquid-injection  tubes;  S)  aperture 
plate;  4)  gas  vapor  inlet;  5)  nozzle;  6)  separator. 


a  film;  the  bulk  of  the  remaining  gas  is  removed  by  centrifugal  forces  produced  in  the 
flow  in  the  toroid.  These  experiments  determined  n  ,  the  ratio  of  the  kinetic  energy 

S 

of  tho  liquid  at  the  separator  exit  to  the  kinetic  energy  of  the  liquid  at  the  two-phase 
norr.lc  outlet,  which  when  recalculated  for  a  separator  for  a  500  kW  unit  amounted  to 
rj8  -  0.88  (222|. 

A  relationship  was  also  obtained  between  the  liquid  loss  in  the  separator  and  the 
width  of  the  annulus  which  taps  the  liquid  film  at  the  separator  exit,  for  different  values 
of  gas,  liquid  ratios  at  the  separator  inlet.  It  was  established  that  with  an  increase  in 
the  width  of  this  annulus  the  liquid  flow  through  it  first  increases  quite  rapidly,  then 
slower  and  for  a  given  annulus  width  (0,51  mm)  It  reaches  a  maximum.  It  was  found 
that  about  20*?,  of  the  total  liquid  leaving  the  nozzle  Is  atomized  to  such  an  extent  that  it 
does  not  Impinge  on  the  separator  body,  and  that  part  which  does  Impinge  forms  of 
foam-like  mixture  with  a  gas,  liquid  volume  ratio  of  about  4.  Losses  of  liquid  in  the 
separator  (by  betng  carried  away  by  the  vapor)  depends  on  the  gas  to  liquid  ratio  and 
aocordlng  to  the  tests  made  comprised  not  less  than  6%  of  the  total  mass  flow  of  die 
mixture.  It  is  obvious  that  these  characteristics  had  to  be  substantially  improved  before 
the  separator  can  be  used  as  a  part  of  an  MHD  facility. 


Subsequently  this  type  of  separator  was  tested  as  a  part  of  an  MHD  facility  (2221. 
The  purpose  here  was  to  evolve  structural  elements  of  the  separator  which  would  pro¬ 
vide  for  minimum  hydraulic  losses,  reduce  losses  (bypass)  of  the  liquid  as  well  as  ob¬ 
taining  a  liquid  film  with  a  specified  vapor  content. 

Figure  135  shows  the  arrangement  of  a  two-phase  nozzle,  separator  and  MHD 
generator  for  a  500  kw  facility  using  an  Li-Cs  mixture.  The  separator  of  this  facility 
together  with  a  two-phase  nozzle  was  tested  on  the  nitrogen-water  mixture  (225).  The 
initially  tested  separator  had  an  annulus  at  the  end  of  its  conical  part,  for  liquid  removal 
(Fig.  138). 

The  measured  velocities  at  the  separator  exit  are  shown  in  Fig.  130,  which  also 
depicts  a  theoretical  curve  calculated  on  assumption  of  liquid  flowing  along  a  flat  plate 
with  boundary-layer  thickness  equal  to  the  thickness  of  the  liquid  film  at  the  separator 
surface.  As  is  seen  from  Fig.  130,  the  experimental  points  are  in  quite  satisfactory 
agreement  with  the  predicted  velocity  distribution. 

The  measured  separator  exit  velocity  was  70%  of  the  nozzle  exit  velocity  for  a 
mixture  ratio  =  14  and  83%  of  the  nozzle  exit  velocity  for  m^Anv  -  70. 


Fig.  135,  Schematic  layout  of  two-phase  nozzle,  sep¬ 
arator  and  MHD  generator  of  a  500  kW  vacility. 

1)  Two-phase  nozzle;  2)  separator;  3)  lithium  film;  4) 
MHD  generator;  5)  diffuser;  6)  to  radiator. 


Due  to  the  relatively  high  liquid  losses  in  this  separator,  its  design  was  modified 
(Fig.  137).  addition  to  the  primary  liquid-capture  slot  at  the  MHD  generator  inlet 
a  aeoondar}  capture  alot  was  provided  for  removing  liquid  carried  by  the  gas  past  the 
first  slot.  A  set  of  extension  rings  was  used  to  determine  the  effect  of  primary  capture 
slot  position  relative  to  the  geometric  impingement  point  of  the  jet.  In  addition,  a  sec¬ 
ond  separator  with  a  straight  cone,  shown  by  the  dotted  line,  was  used  for  comparison 
with  the  curved  oone.  The  experimentally  determined  efficiency  of  capture  by  the  pri¬ 
mary  slot  as  a  function  of  the  gas  and  liquid  volume  ratio  Vy/V^  at  the  primary  slot  in¬ 
let  for  different  slot  widths  b  is  shov  n  in  Fig.  138. 
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Fig.  136.  Conical  part  of  experimental 
separator. 
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Fig.  137.  Experimental  conical  separator. 

1)  Flow  in;  2)  curved  cone;  3)  point  of  return  of 
socondRry  flow;  4)  straight  cone;  6)  geometric 
impingement  point;  6)  extension  ring;  7)  secondary 
capture  slot;  8)  gas  outlet;  9)  secondary  liquid 
outlet;  10)  liquid  outlet;  11)  primary  cl,  ture  slot. 


By  reducing  the  slot  width  it  was  possible  to  reduce  the  amount  of  gas  entering 
the  primary  slot  together  with  the  liquid;  this  increased  the  flow  bypassing  the  primary 
slot.  This  effect  made  it  possible  to  obtain  a  liquid  film  with  volumetric  gns^iquid 
ratios  from  0. 5  to  2.0.  For  ratios  from  1.0  and  at>ovo  less  than  5%  of  the  liquid  by¬ 
passes  the  primary  slot. 

The  effectiveness  of  the  secondary  slot  is  illustrated  by  Fig.  139.  As  is  seen, 
the  secondary  slot  collects  from  60  to  80^  of  the  liquid  bypassing  the  primary  slot. 
Here  the  total  liquid  losses  (by  weight)  in  the  separator  amount  to  0.5-1. 5*?  of  the 
separator  flow. 
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Fig.  138.  Capture  effect¬ 
iveness  of  primary  slot. 

1)  mnAtiv  =  20;  2)  mfJ/fav  = 

*40;  3)  m^nv^  =  66. 

KEY:  a)  Percent  liquid  flow 
bypassing  primary  slot. 


Fig.  139.  Capture  effect¬ 
iveness  of  primary  and  sec¬ 
ondary  slots  combined. 

!)  =>  20;  2)  m,,^  = 

=  40;  3)  *  65. 

KEY:  a)  Percent  liquid  flow 
bypassing  primary  slot. 


Experiments  with  replaceable  extension  rings  measured  the  bypass  of  liquid  past 
the  primary  slot  in  order  to  determine  the  effect  of  primary  slot  location.  Figure  140 
shows  the  bypass  of  liquid  past  the  primary  slot  as  n  function  of  the  ratio  of  the  cone 
cross  sectional  area  where  the  extension  ring  is  installed  (primary  slot)  to  the  area  of 
the  exit  cross  section  of  the  two-phase  nozale  M/h*  (for  volume  ratio  m^Any  -  40).  This 

experiment  shews  that  reducing  b *V  to  2. 0  does  not  appreciably  reduce  the  separation 
effectiveness.  When  b^fc*  is  reduced  to  1. 5  the  liquid  loss  amounts  to  9%  with  the  curved 
and  to  18%  wit.,  jyt  straight  cone.  The  amounts  of  liquid  bypassing  the  secondary  capture 
*lot  were  0.7  and  1.6%  respectively,  i.e. ,  approximately  equal  to  the  bypass  observed 
with  higher  bVfc*.  The  separator  exit  velocity  was  found  to  be  the  same  for  both  the 
curved  and  straight  separators. 


The  separator  with  the  curved  cone  was  used  to  study  the  effect  of  returning  to 
the  cycle,  through  s  slot  in  the  cone's  surface  (point  3  in  Fig.  137)  of  the  liquid  cap¬ 
tured  by  the  secondary  slot.  The  curves  of  flow  velocity  reaction  in  the  separator  due 
to  injection  of  the  secondary  liquid  flow  through  this  slot  as  a  function  of  the  liquid  flow 
through  this  slot  to  the  liquid  flow  through  a  two-phase  nossle  are  shown  in  Fig.  141, 
which  also  depicts  the  theoretical  curve  for  *  62  (top  curve),  which  is  in  satis¬ 


factory  agreement  with  test  data.  The  velocity  losses  In  this  esse  are  50-70%  of  the 
secondary  flow  velocity*  The  amount  of  fluid  removed  from  the  separator  does  not 
change  due  to  secondary  injection. 

The  experiments  thus  proved  the  feasibility  of  designing  a  separator  the  liquid 
loss  (bypass)  in  which  does  not  exceed  1%,  with  liquid-velocity  losses  below  20%.  The 
liquid  removed  from  the  separator  may  be  returned  to  the  cycle  by  secondary  injection. 
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Fig.  140.  Bypass  of 
liquid  past  primary  slot 
as  a  function  of  the  area 
of  oone  ciYss  section  with 
the  extension  ring  of  the 
primary  slot  to  the  nozzle 
outlet  cross  sectional  area. 

1)  Straight  cone;  2)  curved 
cone. 

KEY :  a)  Percent  liquid 
flow  bypassing  primary 
Blot. 
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Fig.  141.  Experimental  and 
theoretical  reduction  of  sepa¬ 
rator  exit  velocity  due  to  sec¬ 
ondary  mixture  injection 
through  separator  cone  sur¬ 
face. 

KEY:  a)  Separator  velocity 
reduction,  %:  b)  secondrry 
injected  flow,  %. 


Experiments  with  the  Two-Phase  Diffuser 

To  find  a  suitable  diffuser  geometry  a  series  of  rectangular  and  annular  diffusers 
with  various  contraction  ratios  and  divergence  angles  were  tested  |225|.  best 
geometries  for  volume  ratios  in  the  neighborhood  of  2.0  were  found  to  incorporate  a 
contraction  area  ratio  of  about  0. 76,  a  throat-length/feap  ratio  (for  the  rectangular 
diffuser)  of  about  15,  and  a  divergence  half-angle  of  3. 75*.  Figure  142  presents  the 
efficiency  of  the  annular  diffUser  and  the  beat  rectangular  diffusers  as  a  function  of 
inlet  gas/liquld  volume  ratio  wt  inlet  velocities  between  42. 5  and  91. 5  m/hec.  The 
efficiency  ia  the  ratio  of  diffUser  discharge  pressure  to  inlet  tsentropic  stagnation 
pressure.  It  ia  seen  from  the  figure  that  ll*»  efficiencies  of  the  best  diffusers  lie  on 
a  straight  ltnr  and  range  from  »)d  0. 86  at  a  volume  ratio  of  0  to  »  0. 60  at 

Vy/Vjj  ■  4,0. 


Fig.  142.  Experimental 
two- phase  diffuser  effici¬ 
ency, 

KEY:  a)  Annular  diffuser; 
b)  rectangular  diffuse  re. 
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Simulated  Tests  of  the  Unit,  Testing  of 
Working  Fluids  and  Materials 

The  schematic  of  the  section  for  simulated  facility  teats  is  shown  in  Fig.  143  (225). 
This  facility  simulated  the  basic  elements  of  a  missile  power  plant  developed  in  the  USA 
for  use  with  the  SNAR-50  reactor.  The  testa  were  performed  at  the  Jet  Propulsion  Lab¬ 
oratory  of  the  California  Institute  of  Technology  [225!  to  clarify  the  conditions  and  the 
operating  features  of  various  closed -cycle  operating  modes,  with  the  loop  including  an 
injector,  two-phase  nozzle,  separator,  liquid  return  line  for  the  liquid  removed  from 
the  separator  and  auxiliaries.  The  factUty  was  tested  with  a  nltrogsn- water  mixture. 

Six  return  lines  were  connected  from  the  diffuser  outlet  to  the  injector  inlet  through 
check  valves  to  prevent  reverse  flow  after  starting.  The  main  pump  provided  starting 
flow  through  the  start  line,  the  nitrogen  flow  was  adjusted  in  keeping  with  the  set-up's 
operation. 

Makeup  water  flow  to  compensate  for  the  water  lost  with  the  nitrogen  exhaust  was 
provided  from  an  auxiliary  pump  through  a  pressure  regulator. 

Smooth  startup  of  the  facility  on  closed-loop  operation  was  provided  by  a  throttle 
valve  located  at  the  diffuser  exit.  The  throttle  valve  was  closed  gradually  on  start  up 
until  the  diffuser  discharge  pressure  exceeded  the  injector  inlet  pressure,  causing  the 
return  check  valves  to  open.  Further  closing  of  the  throttle  valve,  accompanied  by  re¬ 
duction  of  the  main  pump  Row,  caused  an  increasing  proportion  of  the  lnjoctor  ilow  to  be 
supplied  from  the  return  lines.  Finally  the  throttle  valve  was  fully  closed,  the  main 
pump  was  turned  off,  and  closed-loop  operation  was  established  at  partial  flow. 


Fig.  143.  Piping  arrangement  for  closed- 
loop  tests. 

I)  From  main  pump  {water!;  X)  start  line; 

3)  check  valves;  4)  injector;  6)  nitrogen  line; 

6)  pressure  regulator:  7)  makeup  line  {water); 
8)  no  sale;  9)  separator;  10)  nitrogen  eXhaust; 

II)  secondary  flow  return  line;  12)  throttle 
valve;  13)  diffuser;  14)  return  line  (for  closed- 
loop  operation). 
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Operation  under  cloied-loop  conditions  was  found  to  be  smooth  and  stable,  and  uny 
operating  point  within  the  closed-loop  range  could  readily  be  reached  by  varying  the 
nitrogen  flow  rate  and  the  makeup  feed  pressure, 

A  survey  was  made  of  possible  working  fluids  for  use  in  space,  for  operation  at 
1000-1100*C  nozzle  inlet  temperature  there  are  four  fluids  with  vapor  pressures  suitable 
for  the  vapor  loop:  cadmium,  cesium,  potassium  and  rubidium.  For  the  liquid  loop 
there  are  eight  liquids  with  low  enough  vapor  pressures  to  prevent  excessive  carry-over 
to  the  vapor  loop,  and  low  enough  melting  points  to  avoid  plugging  of  the  radiators: 
aluminum,  bismuth,  gallium,  Indium,  lead,  lithium,  magneaiutn,  and  tin.  Of  the  re¬ 
sulting  32  possible  worldng-flu'd  pairs,  adequate  solubility  data  for  cycle  analysis  exists 
only  for  the  potassium-lithium  and  cesium-lithium  combinations. 

Studies  of  solubilhv  of  potassium  in  lithium  showed  that  at  315'C  approximately 
10'  -  and  at  980'C  ns  much  as  15T  of  the  potassium  is  dissolved  In  the  lithium.  These 
values  are  excessive  and  hence  the  K-Li  combination  was  d.scarded  in  favor  oi  Cs-Ll. 

The  solubility  of  cesium  in  lithium  at  1100*C  is  about  7. 5T, 

To  determine  the  nozzle  inlet  pressure  for  performance  analysis,  the  vapor  pres¬ 
sure  of  a  saturated  solution  of  lithium  in  cesium  over  the  temperature  range  925-1 100 *C 
was  measured  (225,  2401. 

To  determine  the  conditions  which  would  ensure  the  required  lifetime  of  the  facility 
a  number  of  tests  was  set  up  on  the  ere  don  of  the  metal  by  a  high-velocity  flow  of  l'quid 
and  of  the  effect  of  lithium  on  the  insulation  of  MHD  generators  (225).  These  tests  showed 
that  a  service  life  of  1000  hours  is  possible  even  with  the  presently  available  materials 


4.  Evaluation  of  Liquid  Metal  MHD  Units  for  Moving  Craft 
Condensing  MHD  Conversion  Systems 

Condensing  conversion  systems  (see  Fig.  113)  are  examined  In  prospective  designs 
for  producing  power  in  the  10  kW  to  100  MW  range  and  more.  Application  of  such  cycle* 
is  being  investigated  for  the  supply  of  power  at  locations  where  access  is  limited  (space, 
underwater  and  remote  terrestrial  locations*  (233|.  The  outstanding  feature*  of  the 
liquid  metal  MHD  in  such  an  application  are  high  reliability,  since  there  are  no  moving 
mechanical  components,  and  high-temperature  heat  rejection  which  permits  obtaining  a 
high  power  density. 


Below  are  presented  certain  characteristics  of  such  a  unit  for  a  low-output  space 
power  system.  Its  use  at  central  stationary  generating  plants  where  it  would  be  used  as 
the  topping  portion  of  »  binary  cycle  will  be  discussed  further  on. 

As  an  example  of  the  envied  performance  In  a  space  application,  work  was  done 
for  a  cycle  breed  on  the  use  of  a  mixture  containing  four  parts  of  lithium  and  one  part  of 
potassium  (233).  The  theoretical  efficiency  of  an  unoptimised  cycle  with  cycle  inlet  and 
radiator  inlet  temperatures  of  1090  sad  TOO,  respectively,  was  determined  to  16%. 
Assuming  "0*  for  the  electrical  gsoerstar  efficiency  and  7oq  for  the  mechanics*  effici¬ 
ency  (fosses  <hie  to  all  other  factors  such  as  nozzle  performance  and  pampibg  require¬ 
ments).  the  actual  conversion  efficiency  from  heat  to  electricity  is  8?  .  Due  to  Urn 
bettor  sink  conditions  for  a  remote  terrestrial  or  underwater  power  supply,  a  still 
higher  efficiency  cen  be  rest!  led. 


Fig.  144.  Phantom  view  of  500  kW  nuclear-power*  1 
spacecraft  MHD  conversion  system  USA  project. 

2  5*£D  generator;  inner  coaxial  tube  wi'h  shell: 

3)  diOiser;  4)  reactor  control  system;  5)  manifold 
ahead  of  radiator;  6)  main-flow  injection-fluid  bypass 
7)  condensing  ejectors;  8)  radial  injector;  9)  last  stage 
of  condensing  ejector;  10)  manifold  downstream  of 
radiator;  11)  condensation  zone. 


Figure  144  depicts  in  phantom  view  a  500  kW  nuclear-nownra*  wnn 
rated  at  500  kW  and  using  Na  as  the  working  fluid  12321 °  nverter 

heat  exchanjpr  for  sl£<$i£* throu8h 
mnv..^”,ctor  18  composed  of  two  coaxial  and  expanding  tubes  of  which  the  inner 

asar*-  - ~ 

lnssi-TSinl!!?!®^10"  L0”®  c?nei,rt*  of  several  nozzle  and  mixing  sections  leondens- 

W  *>**'* to  •»«“  *»  »■«•% 

•mJXwS? ’SSSSP*  d“* ,or ,he  ■b°">  500  k”’ *c  «■>  — »•- 


Temperature,  *C: 

at  the  reactor  inlet  - . .  . .  550 

at  the  reactor  exit . 950 

Reactor  diameter,  cm: 

inside  . .  8 

outside  . . 40 

Number  of  transformation  stages . 6 

Maximum  working-fluid  velocity  in  the  loop,  m/sec  140 

Average  diameter  of  MHD  generator  duct,  cm. . .  4 

Working  fluid  parameters  in  the  MHD  duct: 

velocity,  m^ec . 50 

electrical  conductivity  (ohms-m)”1 . .  2*  10* 

temperature,  *C . 550 

Ratio  of  compression  work  to  useful  (output)  power.  ....  0,08 


ft  is  stated  in  1232)  that  such  a  system  was  designed  for  50  Megawatts  20  kV, 
50  cpe.  Overall  efficiency  is  estimated  at  32  %  when  using  mercury  at  temperatures 
from  600  to  160*C. 
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Fig.  145.  MHD- ate  am  binary  cycle. 

1)  Nozzle;  2}  MHD  generator;  3)  drift  tube;  4)  converter;  5) 
liquid-vapor  mixture  line  (10*  vapor,  90%  liquid);  6)  liquid 
metal  boiler;  7)  liquid  metal  line;  9)  steam  generator;  9) 
superheater;  10)  reheater;  11)  steam-turbine  generator;  12) 
condenser;  13)  condensate  pump;  14)  regenerative  heaters; 
15)  feed  pump. 


Figure  145  shows  schematically  a  binary  cycle,  in  which  the  liquid-metal  con¬ 
verter  serves  as  a  topping  unit  of  a  conventional  steam  cycle.  The  beat  is  supplied  to 
the  liquid-metal  working  fluid  by  combustion  of  a  fossil  fttel  or  in  a  reactor.  The  liquid 
metal  leaving  the  MHD  generator  miters  the  steam  superheater  and  then  the  steam  gen¬ 
erator,  where  the  sensible  heat  of  the  liquid  metal  is  transferred  to  the  conventional 
steam  cycle. 

For  a  binary  cycle  of  1000  Megawatts  constating  of  MHD  and  conventional  steam 
cycle  operating  at  maximum  temperature  of  870*C,  the  MHD  topping  unit  generates 
about  125  Megawatts.  This  results  in  an  overall  efficiency  14%  higher  than  the  achiev¬ 
able  steam  cycle  efficiency.  The  annual  fuel  savings  for  a  30  if  per  10*  BTU  fuel 
amounts  to  $2,8*  10  *  The  structural  material  used  was  type  816  stainless  steel  1233], 
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Some  outstanding  features  of  the  liquid  metal  MHD  topping  cycle  are:  1)  higher 
plant  efficiency;  2)  required  temperatures  are  in  a  range  where  available  materials 
can  be  used  for  components;  3)  multiple  steam  reheat  can  be  conveniently  engineered 
In  the  plant  design  and  farther  improves  the  ata urn-cycle  performance;  4)  only  low 
vapor  quality  metal  Is  required  from  the  heat  raising  unit,  which  reduces  the  possibility 
of  tube  burnout;  6)  with  an  alkali  metal  fanvace  the  highest  cycle  temperature  is  associa¬ 
ted  with  low  steam  pressure,  resulting  In  better  tube  material  utilization. 


Separating  MHD  Conversion  Systems 

The  project  of  MHD  converters  with  separation  studied  in  greatest  detail  and  most 
extensively  researched  is  that  of  a  nuclear  MHD  system  rated  at  300-500  kW  and  using 
Cs-Li  (325).  The  experimental  data  obtained  with  this  facility  were  presented  above. 
The  assumptions  employed  in  the  analysis  were  as  fallows:  1)  0. 5  %  of  the  lithium  en¬ 
tering  the  separator  flows  to  the  vapor  loop;  2)  the  facility  uses  a  separator  with  pri¬ 
mary  and  secondary  liquid  capture  slots,  9%  of  the  liquid  bypasses  the  primary  slot  and 
is  returned  to  tee  separator  with  a  3%  velocity  reduction;  3)  tee  generator  efficiency 
(considering  friction  losses  between  the  separator  and  generator,  as  well  as  between 
the  generator  and  diffuser)  is  70%  ;  4)  the  diffuser  efficiency  ts  85%  ;  5)  the  efficiency 
of  the  vapor-loop  electromagnetic  pump  is  50%;  6)  the  pressure  drops  across  tee  reac¬ 
tor,  radiator  and  mixer  is  0. 7  atm  aba;  7)  a  DC  converter  is  used  (from  20  V  at  the 
MHD  generator  output  to  5000  V). 

Results  of  analysts  of  cycle  efficiency  (ratio  of  output  electric  power  less  the 
power  for  driving  the  vapor-loop  pump,  to  the  thermal  output  of  the  reactor)  are  pre¬ 
sented  in  Fig.  145.  ft  is  seen  from  the  figure  that  the  maximum  cycle  efficiency  on 
the  above  assumptions  is  5. 7%  .  The  thermal  power  of  the  reactor  for  tee  above  effici¬ 
ency  is  5100  kW.  Such  a  reactor  using  Li  with  a  high  burnup  is  about  700  kg.  A  more 
conventional  design  would  weigh  about  1600  kg. 


Fig.  145.  Estimated  efficiency 
of  oesium -lithium  cycle. 

1)  Nozzle  inlet  temperature  Is 
1100’C. 


The  weight  of  tee  conversion  system  (nozzle,  separator,  diffusers,  cesium  pump, 
piping  and  generators,  including  magnets  and  busbars)  for  a  Nb-Zr  maguet  system  is 
about  900-1500  kg. 
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Table  21.  Weight  of  Basic  Compo¬ 
nents  of  a  300  kW  Liquid-Metal  MHD 
Power  Plant  with  Separation 
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KEY:  a)  Component;  b)  weight,  kg; 
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tor;  e)  conversion  system;  f)  voltage 
converter;  g)  radiator;  h)  total. 


The  20  to  5000  V  converter  would  have  an  efficiency  of  about  86.5^  and  a  specific 
weight  of  3. 76  kg/kw.  For  an  output  of  300  kw  the  converter  input  power  should  be 
347  kw  and  weigh  1100  kg. 

According  to  design  studies  the  specific  weight  of  the  radiator  should  be 
6.83  kg/hi2,  a  radiator  for  a  800  kw  facility  thus  weighing  1100  kg.  It  is  more  realis¬ 
tic  to  assume  a  specific  radiator  weight  of  13. 7  kgAn  ,  giving  a  total  radiator  weight 
for  a  300  kw  plant  of  1800  kg. 

Tab.e  21  presents  the  weights  the  system's  basic  components. 

The  shield  weight  of  the  nuclear  reactor  depends  strongly  on  the  spacecraft  con¬ 
figuration  and  on  the  system’s  location.  Approximately  the  shield  weight  is  estimated 
at  900-1800  kg  for  a  total  dose  of  neutron  and  gamma  radiation  of  101S  neutrons/cm5 
and  10*erg/fem,  respectively. 

As  was  previously  noted,  available  data  make  it  possible  to  construct  such  a  con¬ 
version  system  even  at  present  and  have  it  operate  continuously  for  not  less  than  1000 
hours. 
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APPENDIX  2.  Specific  Heats  of  Some  Electrolytes 
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KEY:  1)  Liquid:  2)  melting  temperature,  °C;  3)  Heat  of  fusion,  10-3  J/kg;  4)  boiling  temperature 
at  p  =  10s  Newtons An\  °C;  5)  heat  of  vaporization,  10“3  J/kg;  6)  density;  7)  specific  heat:  8) 
dynamic  viscosity;  9)  thermal  conductivity;  10)  kg/n3;  11)  J/kg-deg. ;  12)  Newtons-sec/hi1;  13) 
watt/m-deg. ;  14)  bismuth,  Bi  (atomic  weight.  209.0);  15)  gallium,  Ga  (atomic  weight  69.72); 

16)  potassium,  K  (atomic  weight  39.096);  17)  lithium,  Li  (atomic  weight  6.94);  18)  sodium,  Na 
(atomic  weight  22.997);  19)  alloy  Na22K78  (atomic  weight  33.9);  20)  alloy  Na56K44  (atomic  weight 
28.1);  21)  tin,  Sn  (atomic  weight  118.7);  22)  mercury,  Hg  (atomic  weight,  200.61);  23)  rubidium, 
Rb  (atomic  weight  85.48);  24)  antimony,  Sb  (atomic  weight  121.76);  25)  lead,  Pb  (atomic  weight 
207.21);  26)  alloy  of  Pb-Bi  (atomic  weight  208);  27)  cesium,  Cs  (atomic  weight  132,91). 
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APPENDIX  2, 


Specific  Heats  of  Some  Electrolytes 
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KEY:  1)  Electrolyte;  2)  specific  heat  *  (J/kg-deg)  •  105. 

A) Note:  Values  of  specific  heat  are  presented  for  electro¬ 
lytes  dissolved  in  the  proportion  of  one  mole  of  electrolyte 
per  n  moles  of  water.  All  the  data  are  for  a  pressure  of  10s 
Newtons  An1  (760  mm  of  Hg). 
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APPENDIX  3.  Thermal  Conductivity  of  Certain  Electrolytes 
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KEY:  Electrolyte;  2)  thermal  conductivity  coefficient,  watt/m- 
-degree,  at  T  =  20*C  and  concentration,  %. 
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APPENDIX  4.  Viscosity  of  Sea  Water  [236] 
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KEY:  1)  Concentration  of  salts;  2)  ratio  of  viscosity  of  sea 
water  to  the  viscosity  of  potable*  water  at  temperature,  "C. 

*The  viscosity  of  potable  water  is  taken  at  OTI. 


APPENDIX  5.  Composition  of  Salts  In  Sea  Water*  [232] 
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KEY:  1)  Ions;  2)  number  of  grams  of  ions  per  1  kg  of  HjO;  3) 
in  %  of  the  total  weight  of  all  the  ions. 

*  For  a  total  salinity  of  s  =  34. 482*/. 
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